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ANNUAL  REPORT 


Introduction 

Bacterial  persistence  is  a  phenomenon  in  which  a  small  fraction  of  a  bacterial  population 
enters  dormancy  in  otherwise  growth-promoting  conditions  to  survive  future  stress  {e.g., 
antibiotic  treatment)1.  These  survivors  are  responsible  for  the  relapse  of  biofilm  infections,  and 
thus  a  greater  understanding  of  their  formation  will  lead  to  more  effective  therapies  against 
biofilm-utilizing  pathogens,  such  as  Pseudomonas  aeruginosa,  Escherichia  coli,  Acinetobacter 
baumannii,  and  Staphylococcus  aureus.  We  have  discovered  that  diauxic  carbon  shifts 
stimulate  the  generation  of  persisters  in  planktonic  cultures,  and  believe  this  to  be  a  general 
phenomenon  in  response  to  metabolite  fluctuations.  Biofilms  are  highly  heterogeneous 
communities  in  which  the  microenvironment  of  encased  bacteria  changes  considerably  as  the 
film  matures2'4.  We  hypothesized  that  metabolic  transitions  generate  persisters  in  biofilms,  and 
that  a  mechanistic  understanding  of  such  phenomena  will  lead  to  novel  treatment  strategies.  In 
this  project,  we  are  identifying  metabolic  transitions  in  biofilm  communities  of  E.  coli ,  P. 
aeruginosa,  and  S.  aureus  that  generate  persisters,  and  using  genetic  and  biochemical 
techniques  to  reconstruct  the  underlying  signaling  pathways.  This  effort  will  elucidate  how 
metabolism  controls  persister  formation  in  biofilms,  and  identify  targets  of  therapeutic  interest  for 
the  reduction  of  relapse  infections  from  biofilms  in  combat-wounded  personnel. 

Body 

This  section  has  been  segregated  into  research  accomplishments  and  future  work. 

Research  Accomplishments 

Statement  of  Work  Task  1:  Determine  carbon  source  shifts  that  stimulate  persister  formation  in 
biofilms. 

The  purpose  of  this  task  was  to  perform  a  phenotypic  screen  in  order  to  identify  carbon  source 
transitions  that  stimulate  persister  formation  in  biofilms  of  E.  coli,  P.  aeruginosa,  and  S.  aureus. 

As  detailed  in  our  first  quarterly  report,  we  found  the  MBEC  biofilm  culturing  method,  which 
was  originally  proposed,  to  be  problematic,  since  it  was  difficult  to  unambiguously  claim  that 
cells  collected  after  sonication  were  solely  those  from  the  biofilm  (Figure  1).  This  prompted  us  to 
switch  to  the  colony  biofilm  culturing  method,  where  only  biofilm  cells  are  present,  and  thus 
persisters  can  be  unequivocally  attributed  to  the  biofilm  state  (Figure  2).  Though  the  method 
unambiguously  measures  persisters  from  biofilm  populations,  it  is  not  nearly  as  high-throughput 
as  the  MBEC  method  (6-well  plates  compared  to  96-well  plates,  variable  solid  media  compared 
to  liquid  media),  and  thus  experiments  are  more  cumbersome  and  time  consuming. 

E.  coli  carbon  source  transitions 

Previously,  we  had  discovered  that  diauxic  carbon  source  transitions  generated  persisters  in 
planktonic  E.  coli  cultures.  A  publication  describing  this  phenomenon  and  its  underlying 
mechanism  has  been  published  in  Molecular  Cell5  (Appendices),  and  this  award  was 
acknowledged  for  its  support  of  the  development  and  testing  of  cAMP-CRP  and  ppGpp 
transcriptional  reporters  used  in  that  study  (Figure  3  and  Figure  4).  These  reporters  were  used 
in  the  corresponding  biofilm  study  described  below,  which  is  currently  under  review  at  PLoS 
One  (Appendices). 

Since  the  clinical  relevance  of  bacterial  persistence  is  largely  associated  with  the  biofilm 
state,  we  sought  to  determine  whether  carbon  source  transitions  could  be  a  source  of  persisters 
in  E.  coli  biofilms.  To  accomplish  this,  we  identified  experimental  conditions  where  nutrient 
availability  to  biofilm  cells  could  be  controlled  exogenously  (Figure  5).  In  brief,  young  biofilms 
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were  used  to  avoid  the  inherent  nutrient  heterogeneity  of  mature  biofilms6,7,  and  the  colony 
biofilm  culturing  method  was  used  to  eliminate  any  contribution  from  planktonic  cells  (Figure 
5A).  Colony  biofilm  culturing  was  found  to  exhibit  uniform  diauxic  growth  in  biofilm  cells  (Figure 
5BCD),  and  to  demonstrate  that  young  biofilms  were  present  on  the  time-scale  of  our 
experiments,  biofilms  were  imaged  with  confocal  microscopy  and  compared  to  samples  where 
an  equal  number  of  planktonic  cells  were  seeded  onto  the  membrane  just  prior  to  imaging 
(Figure  6).  The  presence  of  cell  clusters  in  the  biofilm  sample  demonstrates  that  these  young 
films  are  immobilized  cells  growing  in  surface-attached  communities.  We  note  that  the  strain 
constructed  to  perform  these  imaging  experiments  was  used  in  a  study  of  persister  metabolism 
we  published  in  Antimicrobial  Agents  and  Chemotherapy3  (Appendices),  and  this  award  was 
acknowledged  for  its  support. 

To  enumerate  persisters  in  biofilms,  we  needed  to  identify  an  ofloxacin  (OFL)  concentration 
and  treatment  time  that  yielded  a  biphasic  kill  curve  and  persister  level  that  was  invariant  with 
respect  to  higher  antibiotic  concentrations.  First  we  tested  numerous  OFL  concentrations  at  6 
hours  of  treatment,  since  this  time  far  exceeded  that  which  we  have  identified  to  be  necessary  in 
stationary  phase  cultures8,9.  These  experiments  indicated  that  delivery  of  200pL  of  10pg/mL 
OFL  to  colony  biofilms  was  sufficient  to  eliminate  persister  dependency  on  the  OFL 
concentration  (Figure  2D  left),  and  subsequent  time  course  experiments  indicated  that  5  hours 
of  treatment  was  sufficient  to  enumerate  persisters  (Figure  7).  When  a  panel  of  diauxic  and  non- 
diauxic  media  compositions  were  tested  for  persister  formation,  we  found  significant  increases 
for  diauxic  transitions  when  compared  to  the  glucose-only  control,  whereas  transitions  to  the 
non-diauxic  substrates  fructose  and  gluconate  failed  to  increase  persisters  beyond  the  glucose- 
only  control  (Figure  7).  Using  glucose-fumarate  as  a  model  diauxic  transition,  we  tested  a 
fumarate-only  control  to  determine  whether  the  increase  in  persisters  was  due  to  growth  on  the 
less  favorable  substrate  or  the  transition  from  glucose  to  fumarate.  Figure  7C  demonstrates  that 
persister  formation  was  a  result  of  the  carbon  source  transition,  and  not  growth  on  fumarate. 
From  here  we  went  on  to  identify  the  underlying  formation  pathway,  which  is  further  detailed  in 
Task  4  and  Task  5. 

P.  aeruginosa  carbon  source  transitions 

Following  the  approach  laid  by  our  E.  coli  work,  we  first  needed  to  identify  an  OFL 
concentration  and  treatment  time  that  yielded  a  biphasic  kill  curve  and  persister  level  that  was 
invariant  with  respect  to  higher  antibiotic  concentrations.  First  we  tested  numerous  OFL 
concentrations  at  6  hours  of  treatment,  and  found  that  200pL  of  150pg/mL  OFL  was  sufficient  to 
eliminate  persister  dependency  on  the  OFL  concentration  (Figure  2D  right).  Further,  subsequent 
time  course  experiments  indicated  that  5  hours  of  treatment  was  sufficient  to  enumerate 
persisters  (Figure  8).  When  a  panel  of  diauxic  and  non-diauxic  media  compositions  were  tested, 
we  observed  persister  formation  for  specific  diauxic  transitions  (glycerol,  fructose)  when 
compared  to  the  fumarate-only  control,  whereas  transitions  to  the  non-diauxic  substrate 
succinate  failed  to  increase  persisters  beyond  the  fumarate-only  control  (Figure  9).  To 
determine  whether  growth  on  the  less  favorable  substrates  or  the  carbon  source  transition  was 
responsible  for  persister  formation,  we  measured  persisters  from  glycerol-,  fructose-,  glucose-, 
and  succinate-only  controls.  Interestingly,  these  controls  suggested  that  growth  on  the  less 
favorable  substrate  was  the  cause  of  persister  formation  (Figure  10),  which  differed  from  the 
phenomenon  observed  in  E.  coli.  Since  we  observed  extremely  poor  growth  in  our  sole  glycerol 
and  fructose  controls,  suggesting  that  growth  rate  effects  may  dominate  persistence 
measurements  in  those  samples,  we  rationalized  that  replacing  the  LB  overnights  with  minimal 
media  overnights  would  allow  better  growth  and  an  opportunity  to  detect  transition-dependent 
persister  formation.  However,  experiments  performed  with  minimal  media  overnights  produced 
qualitatively  similar  results  to  those  obtained  with  LB  overnights  (Figure  11).  To  determine  if  this 
phenomenon  was  specific  to  the  biofilm  state,  we  performed  analogous  experiments  with 
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planktonic  cultures  of  P.  aeruginosa.  Unfortunately,  OFL  persisters  are  rare  in  planktonic  P. 
aeruginosa  cultures,  and  in  our  experiments  we  often  found  them  to  be  under  our  limit  of 
detection,  so  we  were  unable  to  conclusively  demonstrate  whether  this  phenomenon  translated 
to  planktonic  conditions. 

The  biofilm  data  we  obtained  suggests  that  OFL  persistence  in  P.  aeruginosa  is  largely 
dependent  on  the  carbon  source,  which  conceivably  occurs  through  growth-rate  effects. 
However,  if  persistence  were  exclusively  growth-rate  dependent,  a  non-growing  P.  aeruginosa 
population  should  not  exhibit  biphasic  killing,  and  a  single,  constant  killing  rate  should  be 
observed.  Interestingly,  Figure  12  shows  that  this  simply  is  not  true,  and  two  distinct  killing 
regimes  are  observed  even  for  a  non-growing  population.  Our  plan  to  investigate  the  link 
between  metabolism  of  less  favorable  growth  substrates,  growth-rate,  and  OFL  persistence  is 
discussed  in  the  Future  Work  section. 

S.  aureus  carbon  source  transitions 

S.  aureus  is  an  auxotroph  for  numerous  amino  acids10,  and  therefore  cannot  grow  on 
minimal  media  containing  just  carbon  source  and  salts  as  E.  coli  and  P.  aeruginosa  can.  The 
chemically-defined  media  we  initially  planned  to  use  for  S.  aureus  was  described  by  Miller  and 
Fung11.  Two  alternative  media,  with  fewer  amino  acids,  have  been  described  by  Rudin  and 
colleagues  (AAM+)12  and  Lee  and  colleagues  (AAM-)10,  and  we  tested  whether  these  media 
could  support  glucose-dependent  biofilm  growth  of  S.  aureus.  Figure  13  demonstrates  that 
AAM+  supports  S.  aureus  growth  that  is  glucose-dependent,  whereas  AAM-  does  not  support 
biofilm  growth  in  the  presence  or  absence  of  glucose.  Therefore,  AAM+  was  chosen  for  all  S. 
aureus  experiments.  To  determine  the  carbon  source  utilization  pattern  of  S.  aureus,  we 
performed  planktonic  growth  experiments  where  AAM+  media  with  0.1  g/L  glucose  was 
supplemented  with  166.5mM  carbon  of  secondary  carbon  source.  Planktonic  conditions  were 
chosen  for  these  assays  because  we  have  observed  with  E.  coli  and  P.  aeruginosa  that  carbon 
source  utilization  in  the  biofilm  state  closely  resembles  that  of  the  planktonic  state,  and 
planktonic  assays  allow  for  a  higher  degree  of  parallelization.  These  experiments  demonstrated 
three  utilization  patterns,  non-diauxic  (gluconate,  glycerol,  fructose,  ribose),  diauxic  (pyruvate, 
oxaloacetic  acid,  lactose),  and  absence  of  growth  on  secondary  carbon  sources  (a- 
ketoglutarate,  succinate,  fumarate,  acetate,  arabinose)  (Figure  14).  Since  S.  aureus  growth  on 
defined  media  is  slow  and  experiments  last  longer  than  24  hours,  we  judiciously  chose  to 
investigate  persister  formation  for  nutrients  that  exhibited  diauxic  growth  with  glucose  (lactose 
and  pyruvate). 

To  determine  the  antibiotic  concentration  to  use  for  persister  enumeration  from  S.  aureus 
biofilms  grown  on  AAM+,  we  treated  6-hr  grown  films  with  different  concentrations  of 
ciprofloxacin  (CIP)  and  monitored  CFUs  after  5,  8,  16,  24,  and  48  hours.  Ciprofloxacin  was 
chosen  since  it  is  has  been  the  more  prevalent  fluoroquinolone  used  to  investigate  S.  aureus 
persistence13,14.  These  experiments  indicated  that  delivery  of  200pL  of  400pg/mL  CIP  to  colony 
biofilms  was  sufficient  to  eliminate  persister  dependency  on  the  CIP  concentration  (Figure  15A), 
and  subsequent  time  course  experiments  indicated  that  24  hours  of  treatment  was  sufficient  to 
enumerate  persisters  (Figure  15B). 

When  diauxic  nutrient  transitions  were  investigated  for  their  ability  to  form  persisters  in  S. 
aureus  biofilms,  we  found  that  glucose-lactose  colony  biofilms  exhibited  increased  persister 
formation  compared  to  glucose-only  and  glucose-pyruvate  biofilms  (Figure  16).  To  determine 
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whether  the  observed  persister  formation  is  substrate-  or  transition-dependent  we  will  measure 
persisters  from  lactose-only  controls. 

Statement  of  Work  Task  2:  Determine  nitrogen  source  shifts  that  stimulate  persister  formation  in 
biofilms. 

The  purpose  of  this  task  was  to  perform  a  phenotypic  screen  in  order  to  identify  nitrogen  source 
transitions  that  stimulate  persister  formation  in  biofilms  of  E.  coli,  P.  aeruginosa,  and  S.  aureus. 

E.  coli  nitrogen  source  transitions 

E.  coli  uses  NH4+  as  its  preferred  nitrogen  source,  and  we  began  by  identifying  an  NH4+ 
concentration  that  would  support  colony  biofilm  growth  for  approximately  3-4  doublings  (Figure 
17).  From  this  data,  we  determined  that  inoculation  of  each  membrane  with  cells  suspended  in 

O. 25mM  NH4+  media  was  sufficient  for  our  purposes.  To  determine  if  nitrogen  source  transitions 
stimulate  persister  formation  in  E.  coli  biofilms,  arginine  and  glutamine  were  provided  at  20mM 
nitrogen  as  the  sole  nitrogen  source  in  the  agar,  and  as  controls,  20mM  NH4+  and  nitrogen 
source-free  agar  were  used.  As  depicted  in  Figure  17B,  all  samples  grew  comparably  during  the 
first  4  hours  (common  period  of  NH4+  consumption)  and  divergence  became  apparent  by  the  5 
hour  time  point.  The  nitrogen-source  free  control  demonstrates  that  secondary  nitrogen  sources 
were  consumed  by  the  colony  biofilms.  When  persister  levels  in  the  biofilms  were  enumerated, 
we  observed  persister  formation  in  biofilms  supplied  with  arginine  in  the  agar,  whereas  biofilms 
supplied  with  NH4+  and  glutamine  in  the  agar  failed  to  form  persisters  (Figure  17C).  In  fact,  the 
persister  level  for  glutamine  supplied  biofilms  was  less  than  that  for  the  NH4+  supplied  biofilms. 
This  result  likely  originates  from  the  co-utilization  of  glutamine  and  faster  growth  that  is 
observed  in  Figure  17B.  To  determine  whether  persister  formation  was  from  the  nitrogen 
source  transition  or  from  growth  on  the  less  favorable  substrate,  we  measured  persister  levels  in 
colony  biofilms  with  arginine  as  the  sole  nitrogen  source.  Our  preliminary  data  suggests  that 
persister  formation  in  NFI4+-arginine  biofilms  was  a  result  of  growth  on  arginine  and  not  from  the 
nutrient  transition  (Figure  18).  To  determine  if  this  phenomenon  was  specific  to  the  biofilm  state, 
we  performed  analogous  experiments  with  planktonic  cultures,  and  found  that  persister  levels 
for  NH4+-arginine  after  the  transition  were  indistinguishable  from  a  sole  arginine  control, 
suggesting  that  persister  formation  was  due  to  growth  on  arginine  and  not  the  metabolic 
transition  (Figure  19).  For  planktonic  cultures,  due  to  the  comparative  ease  with  which 
experiments  can  be  parallelized,  we  also  measured  persister  formation  with  asparagine  as  the 
secondary  nitrogen  source  and  did  not  observe  persister  formation  after  the  nitrogen  transition 
when  compared  to  the  NFI4+-only  control. 

P.  aeruginosa  nitrogen  source  transitions 

P.  aeruginosa  also  uses  NH4+  as  its  preferred  nitrogen  source,  and  we  began  by  identifying 
an  NH4+  concentration  that  would  support  colony  biofilm  growth  for  approximately  3-4  doublings 
(Figure  20).  From  this  data,  we  determined  that  inoculation  of  each  membrane  with  cells 
suspended  in  0.5mM  NH4+  media  was  sufficient  for  our  purposes.  To  determine  if  nitrogen 
source  transitions  stimulate  persister  formation  in  P.  aeruginosa  biofilms,  alanine,  arginine 
asparagine,  aspartate,  glycine,  glutamate,  glutamine,  serine,  and  threonine  were  provided  at 
30mM  nitrogen  as  the  sole  nitrogen  source  in  the  agar,  and  as  controls,  30mM  NH4+  and 
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nitrogen  source-free  agar  were  used.  As  depicted  in  Figure  21,  all  samples  grew  comparably 
during  the  first  4  hours  (common  period  of  NH4+  consumption)  and  divergence  became  apparent 
by  the  5  hour  time  point.  The  nitrogen-source  free  control  demonstrates  that  secondary  nitrogen 
sources  were  consumed  by  the  colony  biofilms.  When  persister  levels  in  the  biofilms  were 
enumerated,  we  observed  persister  formation  in  biofilms  supplied  with  serine,  glycine,  and 
threonine  in  the  agar,  whereas  biofilms  supplied  with  NH4+,  glutamine,  glutamate,  aspartate, 
asparagine,  arginine,  and  alanine  in  the  agar  failed  to  form  persisters  (Figure  21).  We  note  that 
persisters  in  the  NH4+-alanine  samples  began  relatively  high  compared  to  the  NH4+-only  control, 
but  followed  a  qualitatively  similar  persister  level  trend  during  biofilm  growth.  To  determine 
whether  persister  formation  was  from  the  nitrogen  source  transition  or  from  growth  on  the  less 
favorable  substrates,  we  measured  persister  levels  in  colony  biofilms  with  serine  and  glycine  as 
sole  nitrogen  sources.  We  did  not  assay  threonine,  because  growth  and  persister  data 
suggested  that  P.  aeruginosa  was  unable  to  grow  on  threonine  as  the  sole  nitrogen  source 
under  our  experimental  conditions.  Interestingly,  the  data  suggest  that  persister  formation  within 
NH4+-glycine  and  NH4+-serine  colony  biofilms  are  transition-dependent,  since  persister  levels  in 
the  NH4+-glycine  and  NH4+-serine  exceed  those  within  the  sole  glycine  and  sole  serine  controls 
for  time  periods  after  the  nitrogen  source  transition  (Figure  22).  However,  we  require  additional 
replicates  to  ensure  the  statistical  significance  of  these  findings.  This  is  in  contrast  to  persister 
formation  from  carbon  source  transitions  in  P.  aeruginosa  biofilms,  that  we  found  to  be  largely 
dependent  on  the  growth  substrate.  This  most  likely  reflects  the  greater  catabolic  flexibility  of  P. 
aeruginosa  with  regard  to  nitrogen  sources,  as  evidenced  by  its  improved  growth  on  secondary 
nitrogen  sources  compared  to  its  poor  growth  on  secondary  carbon  sources.  Interestingly,  E. 
coli  exhibits  greater  catabolic  flexibility  with  regard  to  carbon  sources  when  compared  to 
nitrogen  sources,  and  analogously,  demonstrated  transition-dependent  persister  formation  with 
regard  to  carbon  source  transitions  and  substrate-dependent  persister  formation  with  regard  to 
nitrogen  source  transitions. 

S.  aureus  nitrogen  source  transitions 

As  mentioned  above,  S.  aureus  is  an  auxotroph  for  numerous  amino  acids10.  However,  the 
defined  media  compositions  also  include  NH4+  at  a  concentration  of  60.5mM.  Thus  far,  we  have 
not  performed  experiments  assaying  the  nitrogen  source  transitions  with  S.  aureus.  This  is 
largely  due  to  delay  in  arrival  of  the  research  team  and  our  transition  to  colony  biofilm  culturing, 
and  to  address  this  issue  we  are  now  enlisting  the  effort  of  6  researchers  to  accomplish  our 
SOW  tasks  by  the  end  of  the  award  period. 

Statement  of  Work  Task  3:  Determine  terminal  electron  acceptor  shifts  that  stimulate  persister 
formation  in  biofilms. 

The  purpose  of  this  task  was  to  perform  a  phenotypic  screen  in  order  to  determine  whether 
transitions  away  from  02  stimulate  persister  formation  in  biofilms  of  E.  coli ,  P.  aeruginosa,  and 
S.  aureus. 

To  perform  these  experiments,  we  purchased  a  Coy  02-control  glovebox  outfitted  with  an 
anaerobic  upgrade  in  May,  and  the  delivery  and  installation  was  completed  in  August.  We 
performed  experiments  with  E.  coli  at  various  oxygenation  levels,  0,  5,  10,  and  20%  02,  and 
then  began  to  see  inconsistencies  and  defects  in  growth.  We  have  conducted  a  series  of 
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experiments  to  determine  the  source  of  the  growth  issues  and  have  consulted  with  the 
manufacturer,  Coy  Laboratories.  Thus  far,  we  have  been  able  to  conclusively  demonstrate  that 
the  glovebox,  heater,  catalyst  (for  anaerobic  operation),  and  shaking  incubator  are  not  the 
sources  of  the  growth  issues.  In  addition,  we  have  identified  the  N2  source  we  were  using  as  a 
problem.  The  N2  was  supplied  by  building  facilities  (house),  and  using  a  N2  cylinder  from  Airgas 
we  observed  significantly  improved  growth.  We  are  currently  determining  if  the  N2  source  was 
the  sole  issue,  since  growth  remains  moderately  inhibited  in  the  glovebox  compared  to  ambient 
controls.  Variables  that  remain  are  the  02  source,  piping,  and  gas  controller.  The  piping  and 
controller  are  directly  from  Coy  Laboratories,  whereas  the  02  is  from  Airgas.  It  is  possible  that 
the  house  N2  had  residual  effects  on  the  piping  and  controller,  and  if  this  is  the  case  we 
anticipate  that  this  growth  issue  will  be  corrected  as  more  N2  from  Airgas  is  used.  We  believe 
that  02  is  unlikely  to  be  an  issue,  and  if  the  piping  and  controller  are  found  to  be  problematic  we 
will  obtain  and  use  alternatives.  Unfortunately,  these  technical  difficulties  have  stalled  our  efforts 
to  determine  if  terminal  electron  acceptor  transitions  generate  persisters. 

Statement  of  Work  Task  4:  Determine  the  role  of  known  mediators  of  metabolic  shifts  on 
metabolically-controlled  persister  formation  in  biofilms 

Statement  of  Work  Task  5:  Determine  the  role  of  known  mediators  of  persistence  on 
metabolically-controlled  persister  formation  in  biofilms 

The  purpose  of  these  tasks  were  to  examine  the  role  of  mediators  of  metabolism  and 
persistence  on  metabolically-controlled  persister  formation.  We  have  chosen  to  discuss  these 
tasks  together  to  improve  the  logical  flow  of  this  report.  Inherently,  only  a  subset  of  organisms 
and  conditions  tested  in  phenotypic  screens  of  Tasks  1,  2,  and  3  would  be  subjected  to  these 
analyses. 

E.  coli  persister  formation 

For  E.  coli,  we  observed  persister  formation  resulting  from  carbon  source  transitions  in 
colony  biofilms.  To  begin  to  reconstruct  the  signaling  pathway,  we  inspected  whether  the 
metabolic  mediator  ppGpp,  which  was  found  in  our  planktonic  study5  to  be  critical  for  persister 
formation,  was  involved  in  persister  formation  in  the  biofilm  state.  As  depicted  in  Figure  23, 

ArelA  failed  to  generate  persisters  in  response  to  diauxie  in  the  biofilm  state,  suggesting  that  a 
ppGpp-dependent  pathway  similar  to  that  found  in  planktonic  cultures  was  operating.  To  identify 
whether  mediators  of  chromosomal  (-)  supercoiling,  which  were  also  found  to  be  critical  in  our 
planktonic  study,  were  similarly  involved  in  the  biofilm  pathway,  we  measured  persisters  in 
AhupA,  AhupB,  AihfA,  AihfB,  Ahns,  AseqA,  and  Afis  strains.  Interestingly,  several  nucloid- 
associated  proteins  (NAP)  were  found  to  be  essential  for  persister  formation  from  diauxie 
carbon  source  transitions  in  E.  coli  biofilms  (Figure  24),  though  the  specific  NAP  proteins 
involved  differed  between  the  planktonic  and  biofilm  states.  Recently,  Lon  has  been  implicated 
in  ppGpp-dependent  persister  formation  in  E.  coli  biofilms15,  therefore,  we  tested  Aion  for  its 
ability  to  eliminate  persister  formation  from  carbon  source  transitions.  As  depicted  in  Figure  25, 
persister  levels  in  Aion  colony  biofilms  were  lower  than  that  of  wild-type,  but  persister  formation 
from  carbon  source  transitions  remained  in  the  absence  of  Lon. 

P.  aeruginosa  persister  formation 

For  P.  aeruginosa,  we  have  recently  identified  nitrogen-source  transitions  as  a  potentially 
transition-dependent  phenomenon,  and  thus,  have  not  yet  started  to  mechanistically  build  back 
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the  formation  pathway.  However,  in  preparation  for  these  steps,  we  experimented  with  protocols 
to  perform  targeted-chromosomal  mutations  in  P.  aeruginosa 16'18.  Using  a  P.  aeruginosa  version 
of  the  ?t-Red  recombinase  technique,  we  successfully  generated  chromosomal  deletions  of 
pilTU,  Iasi,  fhp,  and  nirS  in  P.  aeruginosa,  fhp  and  nirS  deletions  were  chosen  due  to  their 
importance  in  nitrate-  and  nitrite-respiration,  and  therefore,  may  prove  useful  for  our 
investigations  into  terminal  electron  acceptor  transitions.  Iasi  was  chosen  due  to  its  role  in 
quorum  sensing,  and  pilTU  was  selected  as  the  first  deletion  to  perform  in  order  to  replicate  the 
results  of  a  study  whose  authors  were  advising  us  on  genetic  manipulations  of  P.  aeruginosa. 

S.  aureus  persister  formation 

For  S.  aureus ,  we  have  identified  glucose-lactose  transitions  to  be  of  potential  interest,  but  we 
still  need  to  determine  whether  persister  formation  is  substrate-  or  transition-dependent. 
However,  we  have  begun  to  prepare  for  the  necessary  genetic  manipulations  we  will  need  once 
an  interesting  transition  has  been  identified.  Specifically,  genetic  manipulation  of 
Staphylococcus  aureus  Newman  will  be  performed  using  the  methods  described  by  Monk  and 
colleagues19.  Chemically  competent  E.  coli  SA08B  cells  have  been  acquired  from  Lucigen 
containing  a  methylation  pattern  consistent  with  the  S.  aureus  Newman  strain  allowing  plasmid 
preparation  in  the  cloning  strain  and  direct  transformation  into  S.  aureus  with  high  efficiency,  a 
task  previously  greatly  inhibited  by  the  staphylococcal  restriction  modification  barrier  which 
quickly  degrades  DNA  generated  in  many  common  E.  coli  cloning  strains.  The  plasmid  to  be 
utilized  in  this  strain  and  a  detailed  cloning  protocol  was  obtained  from  Dr.  Ian  Monk.  The 
pIMAY-Z  plasmid  is  a  newly  modified  form  of  the  pIMAY  plasmid,  with  the  modified  form 
containing  a  constitutively  expressed  lacZ  to  ease  identification  of  plasmid  loss.  Use  of  this 
method  should  decrease  the  time  needed  to  generate  mutants  as  it  eliminates  the  additional 
step  of  plasmid  replication  in  an  intermediate  staphylococcal  cloning  strain,  such  as  S.  aureus 
RN4220,  for  successful  transformation  into  target  strains  and  has  been  reported  to  have 
increased  transformation  efficiency. 

Methods  to  measure  persister  metabolic  activity 

In  addition  to  using  genetics  to  identify  persister  formation  pathways,  we  hypothesized  that 
an  ability  to  measure  persister  metabolic  activity  would  be  useful  for  our  mechanistic 
investigations.  In  preparation  for  this,  we  developed  the  first  high-throughput  method  to  rapidly 
measure  persister  metabolic  activity.  The  method  is  based  on  metabolite-enabled 
aminoglycoside  potentiation  in  persisters,  and  a  manuscript  (Appendices)  describing  the  method 
has  been  published  in  Antimicrobial  Agents  and  Chemotherapy 20 .  In  addition,  we  identified  a 
metabolic  dye,  Redox  Sensor  Green,  that  can  be  used  to  study  persister  metabolism,  and  these 
findings  were  published  in  a  separate  article  in  Antimicrobial  Agents  and  Chemotherapy P 
(Appendices). 

Statement  of  Work  Task  6:  Measure  gene  expression  from  biofilms  where  metabolic  control  of 
persister  formation  occurs. 

The  purpose  of  this  task  was  to  identify  leads  to  fill  in  mechanistic  gaps  in  persister  formation 
pathways.  Inherently,  only  a  subset  of  organisms  and  conditions  tested  in  phenotypic  screens  of 
Tasks  1 ,  2,  and  3  would  be  subjected  to  these  analyses.  In  addition,  if  Task  4  and  5  were 
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sufficient  to  identify  the  persister  formation  pathway,  as  was  the  case  with  E.  coli  carbon  source 
transitions,  this  Task  would  not  be  required. 

Thus  far,  we  have  not  needed  to  measure  gene  expression  to  identify  missing  links  within 
persister  formation  pathways,  because  Task  4  and  5  have  been  sufficient. 

Future  Work 

E.  coli  carbon  source  transitions 

We  have  submitted  a  manuscript  describing  the  identification  of  a  persister  formation 
pathway  in  E.  coli  biofilms  to  PLoS  One  and  it  is  currently  under  review.  Any  future  work 
associated  with  this  aspect  of  the  project  will  be  in  response  to  requests  from  peer  reviewers 
and/or  editors. 

P.  aeruginosa  carbon  source  transitions 

The  experiments  we  have  performed  on  P.  aeruginosa  carbon  source  transitions  suggest 
that  persister  formation  originates  from  growth  on  less  favorable  substrates  (Figures  9,  10,  11), 
conceivably  due  to  growth-rate  effects.  This  seemingly  strong  dependence  prompted  us  to  ask 
whether  the  P.  aeruginosa  persister  formation  we  observed  was  truly  dependent  on  growth-rate. 
Inhibition  of  growth-rate  occurs  due  to  a  multitude  of  reasons,  and  we  hypothesize  that  the 
method  of  growth  inhibition  is  critically  important  to  persistence.  For  instance,  for  OFL  (which  we 
use  in  our  experiments)  cell  death  occurs  when  it  binds  to  a  functioning  DNA  gyrase.  Therefore, 
we  hypothesize  that  cultures  whose  growth  has  been  slowed  by  DNA  gyrase  availability  will 
have  higher  persister  levels  than  cultures  whose  growth  has  slowed  to  comparable  levels  but 
through  different  means,  such  as  metabolism.  Analogously,  if  metabolism  were  to  slow  growth, 
but  DNA  gyrase  activity  was  maintained,  we  would  anticipate  little  increase  in  OFL  persister 
levels.  Therefore,  to  test  these  hypotheses  and  determine  the  root  cause  by  which  carbon 
source  transitions  form  persisters  in  P.  aeruginosa  biofilms,  we  will  construct  one  strain  where 
growth  rate  can  be  controlled  by  expression  of  the  fumarate  transporter  (DctA)  and  another  that 
can  be  controlled  by  expression  of  DNA  gyrase.  We  will  then  vary  growth-rate  with  inducer 
(IPTG)  and  measure  persister  levels.  If  persister  levels  correlate  to  a  greater  extent  with  gyrase 
availability  rather  than  growth-rate,  we  will  generate  a  transcriptional  fusion  of  the  gyrase 
promoter  and  GFP,  and  use  fluorescence  activated  cell  sorting  to  determine  whether  P. 
aeruginosa  persisters  formed  from  carbon  source  transitions  are  enriched  in  the  sub-population 
with  reduced  gyrase  expression. 

S.  aureus  carbon  source  transitions 

Though  glucose-lactose  colony  biofilms  generate  more  persisters  than  glucose-only  controls, 
we  need  to  determine  whether  the  persister  formation  is  substrate-  or  transition-dependent.  To 
do  this  we  will  use  a  lactose-only  control,  and  reduce  the  inoculum  cell  density  and  glucose 
concentration.  S.  aureus  glucose-only  biofilms  exhibit  persister  formation  at  densities  not  much 
greater  than  OD600  =  0.7,  and  therefore,  by  reducing  the  cell  density  and  glucose  concentration 
of  the  initial  inoculums  we  can  ensure  that  we  have  a  larger  window  with  which  to  study 
transition-dependent  persister  formation  in  S.  aureus  biofilms. 

E.  coli  nitrogen  source  transitions 

Preliminary  data  suggests  that  persister  formation  due  to  nitrogen  transitions  in  E.  coli 
biofilms  is  substrate-dependent.  To  confirm  this  data,  we  will  perform  additional  biological 
replicates  of  the  sole-arginine  control.  Depending  on  the  results  from  our  investigation  into  why 
carbon  source  transitions  stimulate  substrate-dependent  persister  formation  in  P.  aeruginosa, 
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we  may  adopt  a  similar  strategy  to  more  thoroughly  understand  why  nitrogen  source  transitions 
stimulate  substrate-dependent  persister  formation  in  E.  coli. 

P.  aeruginosa  nitrogen  source  transitions 

Our  data  suggest  that  transitions  from  NH4+to  glycine  or  serine  generate  persisters  in  P. 
aeruginosa  biofilms.  To  further  validate  that  this  persister  formation  is  transition-  and  not 
substrate-  dependent,  we  will  reduce  the  initial  cell  density  and  NH4+ concentration  so  that  we 
will  have  a  larger  window  with  which  to  study  the  phenomenon.  If  formation  is  further  validated 
to  be  transition-dependent,  we  will  begin  mechanistic  investigations  in  order  to  delineate  the 
underlying  pathway. 

S.  aureus  nitrogen  source  transitions 

We  have  yet  to  assay  S.  aureus  for  its  ability  to  generate  persisters  following  nitrogen  source 
transitions.  With  the  arrival  of  the  complete  research  team  by  the  end  of  the  previous  reporting 
period,  we  are  now  in  a  position  to  perform  these  experiments. 

Terminal  electron  acceptor  transitions 

The  rate-limiting  step  to  studying  terminal  electron  acceptor  transitions  is  identification  of  the 
cause  of  growth  inhibition  in  the  02-control  glovebox.  We  are  working  rapidly  to  resolve  this 
issue,  and  have  identified  one  cause  of  growth  inhibition  thus  far  (house  N2).  Once  the  growth 
issues  with  the  02-control  glovebox  have  been  resolved  we  will  resume  our  investigations  of 
persister  formation  from  terminal  electron  acceptor  transitions  in  E.  coli,  P.  aeruginosa,  and  S. 
aureus  biofilms. 

Key  Research  Accomplishments 

1)  Identification  that  carbon  source  transitions  stimulate  persister  formation  in  E.  coli  through  a 
ppGpp-and  NAP-dependent  pathway  in  both  planktonic  and  biofilm  states 

2)  Development  of  a  method  to  rapidly  measure  persister  metabolic  activity  in  a  high-throughput 
manner 

3)  Identification  of  a  metabolic  dye  (RSG)  that  can  be  used  to  interrogate  the  metabolic  status  of 
persisters 

4)  Preliminary  data  suggests  that  specific  nitrogen-source  transitions  stimulate  persister 
formation  in  P.  aeruginosa  biofilms 

5)  Preliminary  data  suggests  that  specific  carbon-source  transitions  stimulate  persister 
formation  in  S.  aureus  biofilms 

6)  Preliminary  data  suggests  that  persister  formation  from  nitrogen  source  transitions  in  E.  coli 
originate  from  growth  on  less  favorable  substrate 

7)  Identification  that  persister  formation  from  carbon  source  transitions  in  P.  aeruginosa  biofilms 
originate  from  growth  on  less  favorable  substrate 

8)  Determination  that  dormancy  in  division  or  metabolic  activity  are  not  necessary  or  sufficient 
for  persistence 

9)  Determination  that  previous  techniques  for  persister  “isolation”  provide  highly  impure  samples 
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Reportable  Outcomes 

Publications  and  Manuscripts 

1)  Amato  SM,  Orman  MA,  Brynildsen  MP.  Metabolic  control  of  persister  formation  in  Escherichia 
coli.  Molecular  Cell ,  2013  May  23;50(4):475-87. 

2)  Orman  MA,  Brynildsen  MP.  Dormancy  is  not  necessary  or  sufficient  for  bacterial  persistence. 
Antimicrobial  Agents  and  Chemotherapy,  2013  Jul;57(7):3230-9. 

3)  Orman  MA,  Brynildsen  MP.  Establishment  of  a  method  to  rapidly  assay  bacterial  persister 
metabolism.  Antimicrobial  Agents  and  Chemotherapy,  2013  2013  Sep;57(9):4398-409. 

4)  Amato  SM,  Brynildsen  MP.  Nutrient  transitions  are  a  source  of  persisters  in  Escherichia  coli 
biofilms,  (under  review  at  PLoS  One). 

Presentations 

1 )  Amato  SM,  Brynildsen  MP.  “Nutrient-shift  dependent  formation  of  ampicillin  persisters”, 
presented  at  the  American  Society  of  Microbiology’s  Interscience  Conference  on  Antimicrobial 
Agents  and  Chemotherapy,  September  2013,  Denver,  CO. 

Degrees  supported  by  this  award 

1)  Stephanie  M.  Amato:  current  Ph.D.  student,  graduation  anticipated  in  2015 

2)  Theresa  Henry:  current  Ph.D.  student,  graduate  anticipated  in  2017 
Funding  applied  for  based  on  work  supported  by  this  award 

1)  MPB  was  selected  as  Princeton’s  nominee  for  Pew  Biomedical  Scholars  Program  2014 
competition.  The  research  proposed  was  a  study  of  persister  metabolism. 

Conclusion 

Research  supported  by  this  award  has  led  to  significant  advances  in  our  understanding  of 
the  role  of  metabolism  in  bacterial  persistence,  producing  3  publications  and  one  manuscript 
that  is  under  review.  Specifically,  we  have  identified  a  persister  formation  pathway  in  E.  coli  that 
is  initiated  by  a  metabolic  stress  and  transduced  through  a  novel  metabolic  toxin-antitoxin 
module  (ppGpp  biochemical  network).  In  addition,  downstream  of  ppGpp,  we  identified 
participants  in  the  cellular  process  targeted  by  the  antibiotic,  that  when  deleted  eliminate 
persister  formation.  This  pathway,  which  is  present  in  both  planktonic  and  biofilm  states, 
provides  targets  for  therapeutic  development,  such  as  ppGpp  synthase,  that  may  prove  useful 
for  elimination  of  bacterial  persisters  in  E.  coli  biofilms.  Further,  our  preliminary  data  with  P. 
aeruginosa  and  S.  aureus  biofilms  suggest  that  persister  formation  from  nutrient  transitions  is  a 
common  phenomenon  present  in  diverse  microbial  species.  As  we  continue  to  make  progress 
on  the  Statement  of  Work  Tasks,  we  will  identify  additional  mediators  of  persister  formation  from 
nutrient  transitions  in  biofilms  that  may  prove  useful  as  targets  for  the  development  of 
antipersister  therapies  to  treat  biofilm  infections. 
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Figure  1.  Effect  of  sonication  time  on  biofilm  and  planktonic  colony  forming  units  (CFUs).  A)  E. 
coli  MG1655  or  P.  aeruginosa  PAOl  were  incubated  in  2  ml  LB  medium  at  37°C  with  shaking 
(250  rpm)  for  16  hr.  The  culture  was  diluted  100-fold  in  fresh  LB,  and  200pl  of  this  culture  was 
added  in  each  well  of  the  MBEC  plate.  After  16  hr  of  growth,  shaking  at  250  rpm  and  37°C,  the 
peg-lid  was  washed  twice  by  immersing  the  pegs  in  PBS  in  a  rinse  plate.  The  pegs  were  then 
transferred  to  a  recovery  plate  (having  200pl  of  PBS  in  each  well)  and  sonicated  at  the  times 
indicated.  As  a  control,  the  culture  was  diluted  100-fold  in  PBS,  and  200pl  of  this  solution  with 
planktonic  cells  was  transferred  into  the  wells  of  the  recovery  plate  to  analyze  the  effect  of 
sonication  time  on  cell  viability.  Sonicated  samples  were  serially  diluted  and  plated  on  LB-agar 
to  measure  CFUs/peg.  B)  Effect  of  rinse-medium  on  biofilm  CFUs.  C)  Effect  of  culture-time  on 
biofilm  CFUs. 
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Figure  2.  Culturing  of  colony  biofilms  on  PES  membranes.  A)  Sterile  0.2pm  pore-25mm  diameter 
PES  membranes  were  placed  aseptically  onto  LB-agar  plates,  and  inoculated  with  lOOpI  of  E.  coli 
MG1655  or  P.  aeruginosa  PAOl  overnight  cultures  diluted  100-fold.  Samples  were  incubated  at 
37°C  and  transferred  to  10  ml  tubes  pre-filled  with  2  ml  PBS  at  indicated  time  points.  Tubes 
were  vortexed  vigorously  for  1  min  to  separate  the  cells  from  the  membrane.  Cell  suspensions 
were  serially  diluted  and  plated  onto  LB-agar  to  measure  CFUs  per  membrane.  B)  and  C)  AFM 
topography  and  amplitude  images  of  24  hour  E.  coli  MG1655  biofilms  grown  on  sterile  0.2  pm 
pore-25mm  diameter  PES  membranes  placed  aseptically  on  LB-agar  plates.  The  membranes 
were  imaged  on  a  Veeco  Dimension  NanoMan  AFM  in  tapping  mode  with  Bruker  Premium  High- 
Resolution  Tapping  Mode  silicon  probes  (RTESP).  All  images  were  obtained  using  a  0.5  Hz  scan 
rate.  (C)  is  a  zoomed-in  portion  of  (B).  D)  Persister  enumeration  from  colony  biofilms.  Left:  PES 
membranes  placed  on  M9  minimal  media  plates  with  10  mM  glucose  were  inoculated  with 
lOOpI  of  overnight  E.  coli  MG1655  culture  that  had  been  diluted  to  an  OD600  =  0.1  in  M9 
minimal  media.  After  6  hours  of  incubation  at  37°C,  200pl  of  ofloxacin  solution  at  the  indicated 
concentrations  were  placed  on  the  membranes.  Biofilms  were  treated  with  ofloxacin  for  5 
hours,  separated  from  membranes  by  vortexing  in  PBS,  washed  with  PBS,  and  plated  on  LB  agar 
to  measure  CFUs.  Right:  Same  as  left  except  media  was  BSM  with  15  mM  fumarate  for  P. 
aeruginosa  PAOl. 
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Figure  3.  cAMP  transcriptional  reporter.  A)  Wild-type  with  pUA66  control  or  pl)A66  PmalK -gfp 
were  grown  in  4.5mM  glucose  to  0.02  ODg00  and  then  8mM  cAMP  was  added.  GFP  was 
measured  prior  to  and  lh  after  cAMP  addition.  B)  Same  as  (A)  except  Acrp  was  used  instead  of 
wild-type.  For  flow  cytometry  details  please  see  Molecular  Cell  publication  within  the 
Appendices. 
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Figure  4.  ppGpp  transcriptional  reporters.  A)  Wild-type  transformed  with  pl)A66  expressing  GFP 
under  a  wrbA  promoter,  B)  Wild-type  transformed  with  pUA66  expressing  GFP  under  an  osmE 
promoter  were  grown  in  4.5mM  glucose  or  0.5mM  glucose  6mM  fumarate  supplemented  with 
400pg/mL  serine  and  40pg/mL  aspartic  acid,  glutamic  acid,  histidine,  isoleucine,  leucine, 
phenylalanine,  threonine,  and  valine  (to  allow  growth  of  ArelAAspoT strain).  GFP  fluorescence 
measurements  were  taken  prior  to  glucose  exhaustion  (0.02  OD60Q)  and  post  glucose  exhaustion 
(0.20  OD600)  using  flow  cytometry.  C)  ArelAAspoT  transformed  with  pUA66  expressing  GFP 

under  a  wrbA  promoter,  and  D)  ArelAAspoT  transformed  with  pl)A66  expressing  GFP  under  an 
osmE  promoter  were  grown  in  4.5mM  glucose  or  0.5mM  glucose  6mM  fumarate  supplemented 
with  amino  acids  as  described  above.  GFP  fluorescence  measurements  were  taken  prior  to 
glucose  exhaustion  (0.02  ODg00)  and  post  glucose  exhaustion  (0.20  ODg00)  using  flow  cytometry. 
E)  ArelAAspoT  transformed  with  pUA66  vector  was  grown  and  GFP  fluorescence  measured 
under  the  same  conditions  described  above  as  a  control.  For  flow  cytometry  details  please  see 
Molecular  Cell  publication  within  the  Appendices. 
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Figure  5.  Method  to  control  carbon  source  transitions  in  biofilms.  A)  Schematic  of  our 
experimental  setup  where  cells  and  the  primary  carbon  source  are  applied  to  a  PES  membrane 
set  atop  agar  containing  the  secondary  carbon  source,  glucose,  or  no  carbon.  B)  PES  membranes 
atop  agar  containing  lOmM  glucose,  15mM  fumarate,  and  no  carbon  were  inoculated  with  wild- 
type  cells  at  0.01  OD600  in  2.5mM  glucose  and  incubated  at  37°C.  The  ODg00  was  measured  at 
specified  time  intervals  and  fold-change  in  OD600  (FCODSOO)  was  determined.  One  exponential 

growth  phase  was  observed  for  glucose  samples.  Two  regimes  of  exponential  growth  were 
observed  for  glucose-fumarate  samples  and  no  carbon  sample  exhibited  limited  growth  after 
glucose  exhaustion.  C)  Glucose  concentration  measurements  were  taken  at  each  persister 
sampling  (FCOD600=6  and  FCOD600=  30)  for  glucose  and  glucose-fumarate  samples  and  at  FCQD600=6 

and  2  hours  post  glucose  exhaustion  for  the  no  carbon  sample.  D)  P malK~9fP  GFP  distribution  at 
FCOD6oo=6  and  FCOD6(M)=30  in  glucose-fumarate  and  glucose  samples.  Data  are  averages  of  >  3 
independent  experiments  and  error  bars  indicate  standard  deviation. 
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Figure  6.  Imaging  colony  biofilms.  MG1655  loci  PT5  mCherry  cells  were  grown  16  h  in  lOmM  M9 
glucose  with  2mM  IPTG.  Cells  were  inoculated  into  2.5mM  M9  glucose  with  2mM  IPTG  at  0.01 
OD60Q.  Sterilized  PES  membranes  were  aseptically  placed  on  lOmM  M9  glucose  with  2mM  IPTG 

agar.  Membranes  were  inoculated  with  lOOpL  of  cells  and  films  were  incubated  at  37°C  for  4hr 

6 

(~3.5  doublings/  7x10  CFU/membrane).  Membranes  were  aseptically  removed  from  the  agar 
and  analyzed  using  confocal  microscopy  at.  A)  10X  objective  and  B)  lOOx  objective.  MG1655 

q 

lad  PT5  mCherry  cells  were  grown  16  h  in  lOmM  M9  glucose  with  2mM  IPTG.  Cells  were 
inoculated  into  25mL  of  lOmM  M9  glucose  with  2mM  IPTG  at  0.01  OD60Q.  After  ~3.5  doublings, 

6 

~7xl0  CFU  were  inoculated  onto  a  sterilized  PES  membrane  and  analyzed  using  confocal 
microscopy  at,  C)  lOx  objective  and  D)  lOOx  objective. 
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Figure  7.  Diauxic  shifts  stimulate  persister  formation  in  E.  coli  biofilms.  A)  E.  coli  were  grown  on 
glucose  as  the  primary  carbon  source  and  a  panel  of  secondary  carbon  sources.  At  hourly  time 
points,  biofilms  were  challenged  with  200pl  of  lOpg/mL  ofloxacin  for  5  hours,  aseptically 
removed  from  the  agar,  vortexed  in  2mL  PBS  for  1  minute,  washed,  and  plated  to  measure  CFUs. 
To  construct  the  color  plot  as  a  function  of  FCQD600,  as  needed  values  plotted  were  interpolated 

from  two  adjacent  measurements.  B)  Diauxic  growth  (glucose-fumarate)  results  in  significant 
persister  formation  (p<0.05),  whereas  non-diauxic  growth  does  not  (p>0.05)  (glucose  and 
glucose-fructose).  C)  Growth  on  fumarate  is  not  responsible  for  persister  formation  in  glucose- 
fumarate  samples,  as  evidenced  by  the  sole  fumarate  control,  which  contained  fumarate  as  the 
only  carbon  source  both  in  the  inoculum  and  agar.  Data  are  averages  of  >  3  independent 
experiments,  error  bars  indicate  standard  deviation,  and  significance  was  assessed  using  the 
null  hypothesis  that  the  mean  CFU  levels  in  two  sample  sets  were  equal. 
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Figure  8.  P.  aeruginosa  colony  biofilms  exhibit  biphasic  killing  when  exposed  to  200pL  of 
150pg/mL  OFL.  P.  aeruginosa  PAOl  from  a  frozen  stock  were  inoculated  into  2  mL  of  LB  media 
and  grown  for  16  h  at  37  °C  with  shaking.  Cells  were  pelleted,  washed  and  resuspended  in  BSM 
minimal  media  (supplemented  with  15  mM  fumarate),  and  diluted  to  an  OD600  of  0.1  in  BSM 
minimal  medium  (supplemented  with  15  mM  fumarate).  A  100  pL  aliquot  was  transferred  to 
sterile  membranes,  which  had  been  aseptically  placed  on  BSM  minimal  agar  plates  containing 
15  mM  fumarate.  Samples  were  grown  at  37  °C  for  5  h.  Membranes  were  treated  with  200  pL  of 
150  pg/mL  ofloxacin  at  37  °C.  Hourly,  cells  were  removed  from  one  of  the  membranes  by 
vortexing  for  1  min  in  2  mL  of  PBS,  washed  twice  with  PBS  to  remove  OFL,  serially  diluted,  and 
plated  on  LB-agar  to  enumerate  persisters.  Error  bars  represent  SEM  of  three  replicates. 
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Figure  9.  Carbon  source  transitions  stimulate  persister  formation  in  P.  aeruginosa  biofilms. 
Overnight  cultures  of  P.  aeruginosa  PAOl  were  inoculated  from  frozen  stock  into  2  mL  of  LB 
supplemented  with  15  mM  fumarate  and  grown  for  16  h  at  37  °C  with  shaking.  Overnight 
cultures  were  resuspended  in  BSM  minimal  medium  with  15  mM  fumarate  and  then  diluted  to 
an  ODg00  of  0.1  in  BSM  minimal  medium  with  15  mM  fumarate.  Then,  100  pL  was  transferred  to 
sterile  membranes,  which  had  been  aseptically  placed  on  BSM  minimal  agar  plates  (containing 
60  mM  C  of  secondary  carbon  source  as  specified).  Samples  were  grown  at  37°C,  and  hourly,  the 
untreated  OD600  was  measured,  and  persisters  were  enumerated  by  treating  the  membranes 

with  200  pL  of  150  pg/mL  ofloxacin  for  5  h,  after  which  CFUs  were  measured.  Error  bars 
indicated  SEM  of  two  or  more  replicates.  CFU/membrane  values  for  color  plot  were  interpolated 
from  two  adjacent  measurements  in  order  to  obtain  values  at  each  designated  ODg00. 
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Figure  10.  P.  aeruginosa  persister  formation  from  carbon  source  transitions  is  substrate- 
dependent.  P.  aeruginosa  was  grown  in  LB  with  15  mM  fumarate  or  60mM  C  of  secondary 
carbon  source  for  16  h.  Overnight  cultures  were  resuspended  in  BSM  media  with  15  mM 
fumarate  or  60mM  C  of  secondary  carbon  source  in  sole  glycerol,  fructose,  glucose,  and 
succinate  samples  to  achieve  0.1  OD60Q.  100  pL  of  the  cell  suspensions  were  transferred  to 

membranes,  which  had  been  placed  on  BSM  minimal  agar  plates  (containing  60  mM  C  of 
secondary  carbon  source).  Biofilms  were  grown  at  37  °C,  and  and  persisters  were  measured 
hourly.  Persisters  were  enumerated  by  treating  membranes  with  200  pL  of  150  pg/mL  ofloxacin 
for  5  h,  followed  by  washing  and  plating  for  CFU  measurements.  A)  Compares  sole-glycerol, 
sole-fumarate,  and  fumarate-glycerol  samples,  B)  Compares  sole-fructose,  sole-fumarate,  and 
fuma rate-fructose  samples,  C)  Compares  sole-glucose,  sole-fumarate,  and  fumarate-glucose 
samples.  Sole-succinate,  sole-fumarate,  and  fumarate-succinate  samples  were  found  to  be 
indistinguishable.  Error  bars  indicate  SEM  of  2  or  more  replicates. 
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Figure  11.  P.  aeruginosa  persister  formation  from  carbon  source  transitions  with  minimal  media 
overnights  remains  substrate-dependent.  Frozen  stock  of  PAOl  was  used  to  inoculate  2  mL  of  LB 
media.  Following  4  h  of  growth  at  37°C  with  shaking,  2  mL  of  BSM  minimal  media  supplemented 
with  60  mM  carbon  source  was  inoculated  1:100  and  grown  for  16  h  at  37°C  with  shaking. 
Overnight  cultures  were  then  diluted  to  an  OD600  of  0.1  in  BSM  minimal  medium  with  60  mM 
carbon  source,  and  100  pL  was  transferred  to  sterile  membranes,  which  had  been  aseptically 
placed  on  BSM  minimal  agar  plates  containing  60  mM  of  carbon  source.  Samples  were  grown  at 
37°C,  and  at  every  hour,  the  untreated  ODg00  was  measured,  and  persisters  were  enumerated  by 

treating  the  membranes  with  200pL  of  150  pg/mL  OFL  for  5  h.  For  sole  sources,  only  that 
substrate  was  used  as  the  carbon  source  throughout  all  steps  of  the  assay.  For  fumarate- 
secondary  or -no  carbon  source,  fumarate  was  used  in  the  overnight  and  inoculum  of  the 
membrane,  whereas  the  agar  contained  the  secondary  carbon  source  or  was  devoid  of  carbon 
source.  Error  bars  indicate  SEM  of  two  or  more  replicates. 
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Figure  12.  Non-growing  P.  aeruginosa  populations  exhibit  biphasic  kill  kinetics.  A  25  mL  LB 
culture  was  inoculated  from  freezer  stock  and  grown  for  16  h  in  a  250  mL  baffled  flask  at  37  °C 
with  shaking.  Five  1  mL  aliquots  were  removed,  and  persisters  were  enumerated  by  treating 
with  50  pg/mL  ofloxacin  for  1-5  h  at  37  °C  with  shaking,  after  which  CFUs  were  measured  by 
plating  on  LB-agar.  Error  bars  indicated  SEM  of  10  replicates. 
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Figure  13.  Defined  S.  aureus  media  allows  glucose-dependent  colony  biofilm  growth.  5.  aureus 
was  grown  in  2  mL  of  LB  at  37°C  for  4  h  and  transferred  to  2  mL  of  AAM+  media  with  5  g/L 
glucose  for  an  additional  16  h.  Sterile  membranes  were  placed  on  agar  as  indicated  in  the 
legend  and  inoculated  with  100  pL  of  overnight  culture  diluted  to  0.1  ODg00.  Biofilms  were 

incubated  at  37°C.  At  designated  times,  membranes  were  vortexed  in  PBS  and  ODg00  was 
measured. 
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Figure  14.  5.  aureus  exhibits  diauxic  growth  with  glucose  and  pyruvate,  lactose,  or  oxaloacetic 
acid.  Three  mL  of  LB  was  inoculated  from  a  frozen  culture  and  grown  for  4  hrs  at  37C  prior  to 
transfer  of  20  pL  to  3  mL  of  AAM+  (5  g/L  glucose)  for  10  hrs  additional  growth  at  37C.  The 
culture  was  spun  down  and  resuspended  in  respective  AAM  media  substituting  5  g/L  glucose 
(27.8  mM)  with  the  alternate  carbon  source  at  the  same  molar  C  concentration.  When 
indicated,  flasks  additionally  contained  0.1  g/L  glucose.  The  initial  ODg00  was  adjusted  to 
ODsoo=0.1  in  25  mL  in  250mL  baffled  flasks  and  grown  at  37C  with  shaking.  A)  Growth  of 

glucose-pyruvate  compared  to  glucose  controls,  B)  growth  of  glucose-lactose  and  lactose-only 
compared  to  glucose  controls,  and  C)  growth  of  glucose-oxaloacetic  acid  compared  to  glucose 
controls.  Gluconate,  glycerol,  fructose,  and  ribose  led  to  non-diauxic  growth  with  glucose, 
whereas  a-ketoglutarate,  succinate,  fumarate,  acetate,  arabinose  grew  similar  to  the  0.1  g/L 
glucose  control. 
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Figure  15.  Determination  of  ciprofloxacin  concentration  and  treatment  time  for  5.  aureus 
persister  enumeration.  A)  Staphylococcus  aureus  Newman  cultures  were  grown  from  frozen 
stock  in  LB  for  4  hrs,  and  then  20  pL  was  transferred  to  3  mL  AAM  (5  g/L  glucose)  and  grown  for 
10  hrs  at  37C.  The  culture  was  washed  once  and  resuspended  in  AAM  (5g/L  glucose)  to  an 
OD6oo=0.2  (inoculum).  Each  membrane  was  placed  on  an  AAM  agar  plates  and  inoculated  with 
100  pL  of  inoculum.  After  6  hrs  of  growth  at  37C,  200  pL  of  50-800  pg/mL  ciprofloxacin  was 
applied  to  each  membrane  for  5-48  hrs.  At  designated  times,  treated  membranes  were 
transferred  to  15  mL  tubes  containing  2  mL  PBS  and  vortexed  for  1  minute.  To  remove 
antibiotic,  lmL  of  the  suspension  was  centrifuged  for  3  minutes  at  21,000xg  ,  0.9  mL  of  the 
supernatant  was  removed  and  replaced  with  0.9  mL  PBS,  and  the  procedure  was  repeated. 
Samples  were  serially  diluted  and  plated  on  LB  agar  for  CFU  enumeration  following  overnight 
incubation  at  37C.  B)  Biphasic  killing  of  5.  aureus  colony  biofilms  after  treatment  with 
400pg/mL  CIP  solution.  Mean  cell  density  +/-  SD  for  untreated,  6hr  biofilms  was  7.21  +/-  0.48 
log10(CFU/membrane)  over  N=4  experiments.  Error  bars  indicate  standard  deviation. 
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Figure  16.  Glucose-lactose  transitions  stimulate  persister  formation  in  5.  aureus  biofilms.  5. 
aureus  Newman  were  grown  from  frozen  stock  in  LB  for  4  hrs  then  20  pL  transferred  to  3  mL 
AAM  (5  g/L  glucose)  and  grown  for  10  hrs  at  37C.  The  culture  was  washed  once  and 
resuspended  in  AAM  (5g/L  glucose)  to  an  OD600=  0.2  for  use  as  inoculum.  Each  membrane  was 

placed  on  an  AAM  agar  plates  and  inoculated  with  100  pL  of  inoculum  for  growth  as  biofilm  at 
37C.  All  biofilms  were  provided  5  g/L  glucose  (27.8  mM)  in  the  inoculum  with  a  secondary 
carbon  source  in  the  agar  as  indicated.  Persisters  were  enumerated  during.  A)  common  period 
of  glucose  consumption  (OD600=  0.2),  and  B)  period  of  catabolism  of  the  secondary  carbon 

sources  (OD60Q=0.7).  When  cell  densities  were  reached,  200  pL  of  400  pg/mL  ciprofloxacin  was 
applied  to  each  membrane  for  1-24  hrs.  At  designated  times,treated  membranes  were 
transferred  to  15  mL  tubes  containing  2  mL  PBS  and  vortexed  for  1  minute,  the  antibiotic  was 
removed  by  washing,  and  samples  were  serially  diluted  and  plated  on  LB  agar  for  enumeration 
following  overnight  incubation  at  37C.  Error  bars  indicate  standard  deviation. 
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Figure  17.  Nitrogen  source  transitions  in  E.  coli  biofilms.  Overnight  cultures  in  LB  with  20  mM 
+  + 

NH4  were  diluted  to  0.1  OD600  in  M9  minimal  medium  containing  NH4  and  100  pL  was 

transferred  to  sterile  PES  membranes,  which  had  been  aseptically  placed  on  M9  minimal  agar 

+ 

plates.  A)  ON  cells  were  diluted  in  0.25,  0.5,  2.5,  or  5  mM  NH4  and  100  pi  was  transferred  to 

+ 

membranes  on  agar  plates  containing  20mM  NH4  or  no  nitrogen  source.  Samples  were  grown 

+ 

at  37°C  and  at  every  hour  ODg00  was  measured.  B)  ON  cells  were  diluted  in  0.25mM  NH4  and 

transferred  to  membranes  on  minimal  agar  plates  supplemented  with  nitrogen  sources  as 

specified.  Samples  were  grown  at  37°C  and  at  every  hour  ODg00  was  measured.  C)  ON  cells  were 

+ 

diluted  in  0.25mM  NH4  and  transferred  to  membranes  on  minimal  agar  plates  supplemented 
with  nitrogen  sources  as  specified.  Samples  were  grown  at  37°C  and  at  every  hour  ODg00  were 

measured  and  persisters  were  enumerated  by  treatment  with  200pL  of  lOpg/mL  ofloxacin  for  5 
h,  after  which  CFUs  were  measured.  Error  bars  indicate  SEM  of  two  or  more  replicates. 
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Figure  18.  Preliminary  data  suggests  that  persister  formation  from  nitrogen  source  transitions 

in  E.  coli  biofilms  is  substrate-dependent.  For  sole  ammonium  and  ammonium-arginine,  ON 

+  + 
cultures  in  LB  with  20  mM  NH4  were  diluted  in  M9  minimal  medium  containing  NH4  and  100 

pL  was  transferred  to  sterile  PES  membranes,  which  had  been  aseptically  placed  on  M9  minimal 

+ 

agar  plates  containing  20mM  NH4  or  5mM  arginine.  For  sole  arginine,  ON  cultures  in  5mM 

arginine  M9  minimal  media  were  diluted  in  M9  minimal  media  containing  arginine  and  100  pL 
was  transferred  to  sterile  PES  membranes  aseptically  placed  on  M9  minimal  agar  plates 
containing  5mM  arginine.  Samples  were  grown  at  37°C  and  at  every  hour  OD600  were  measured 
and  persisters  were  enumerated  by  treatment  with  200pL  of  lOpg/mL  ofloxacin  for  5  h,  after 
which  CFUs  were  measured.  Error  bars  indicate  SEM  of  two  or  more  replicates. 
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Figure  19.  Nitrogen  transitions  in  planktonic  E.  coli  cultures  yield  persister  formation  that  is 
substrate-dependent.  MG1655  was  grown  overnight  for  15h  in  lOmM  glucose  20mM  NH4CI  and 
diluted  into  fresh  media  containing  0.25mM  NH4CI  and  20mM  secondary  nitrogen  to  an  OD600 

of  0.01.  For  the  sole  arginine  control,  MG1655  was  grown  overnight  in  lOmM  glucose  5mM 
arginine  and  diluted  to  0.01  OD600  in  5.0625mM  arginine.  Cells  were  grown  and  challenged  with 

5p,g/mL  OFL  at.  A)  0.02  ODg00  representing  growth  on  ammonium,  and  B)  and  0.14  ODg00 

representing  growth  after  ammonium  exhaustion  for  the  media  that  contained  two  nitrogen 
sources.  Colony  forming  units  (CFU)  were  quantified  every  hour  post  antibiotic  treatment  for  5 
hours.  Data  are  averages  of  3  independent  experiments  and  error  bars  indicate  standard 
deviation. 
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Figure  20.  Identification  of  an  NH4+  concentration  necessary  to  achieve  N  exhaustion  by  ~  3 
doublings.  P.  aeruginosa  PAOl  was  inoculated  into  2  mL  of  LB  from  frozen  stock.  After  4  h  of 
growth  at  37  °C  with  shaking,  2  mL  of  BSM  minimal  media  (30  mM  NH4+)  supplemented  with  40 
mM  fumarate  was  inoculated  to  an  OD600  of  0.001  and  grown  for  16  h  at  37  °C  with  shaking. 

Overnight  cultures  were  then  diluted  to  an  OD600  of  0.1  in  BSM  (no  nitrogen)  minimal  medium 
with  40  mM  fumarate  and  varied  concentrations  of  NH4+.  100  pL  was  transferred  to  sterile 
membranes,  which  had  been  aseptically  placed  on  BSM  minimal  agar  plates  containing  40  mM 
fumarate  and  no  nitrogen.  Samples  were  grown  at  37  °C,  and  the  untreated  OD60Q  was 

measured  hourly. 
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Figure  21.  Nitrogen  source  transitions  stimulate  persister  formation  in  P.  aeruginosa  biofilms. 
Frozen  stock  of  PAOl  was  used  to  inoculate  2  mL  of  LB  media.  Following  4  h  of  growth  at  37  °C 
with  shaking,  2  mL  of  BSM  minimal  media  (30  mM  NH4+)  supplemented  with  40  mM  fumarate 
was  inoculated  to  an  OD600  of  0.001  and  grown  for  16  h  at  37  °C  with  shaking.  Overnight 
cultures  were  then  diluted  to  an  ODg00  of  0.1  in  BSM  (0.5  mM  NH4+)  minimal  medium  with  40 

mM  fumarate.  100  pL  was  transferred  to  sterile  membranes,  which  had  been  aseptically  placed 
on  BSM  minimal  agar  plates  containing  40  mM  fumarate  and  30  mM  of  the  respective 
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secondary  nitrogen  source.  Samples  were  grown  at  37  °C,  and  the.  A)  untreated  OD60Q,  and  B) 

persisters  were  measured  hourly.  CFU/membrane  values  for  color  plot  were  interpolated  from 
two  adjacent  measurements  in  order  to  obtain  values  at  each  designated  OD60Q.  White  bar  for 
threonine  indicates  that  the  sample  did  not  reach  those  cell  densities  during  the  time  scale  of 
the  experiment.  Error  bars  indicated  SEM  of  two  or  more  replicates. 
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Figure  22.  Preliminary  data  suggests  that  nitrogen  source  transitions  stimulate  transition- 
dependent  persister  formation  in  P.  aeruginosa  biofilms.  Frozen  stock  of  PAOl  was  used  to 
inoculate  2  mL  of  LB  media.  Following  4  h  of  growth  at  37  °C  with  shaking,  2  mL  of  BSM  minimal 
media  (30  mM  nitrogen  source)  supplemented  with  40  mM  fumarate  was  inoculated  to  an 
OD600  of  0.001  and  grown  for  16  h  at  37  °C  with  shaking.  Overnight  cultures  were  then  diluted 

to  an  ODg00  of  0.1  in  BSM  (0.5  mM  NH4+  for  transitions  and  0.5  mM  nitrogen  for  sole  sources) 
minimal  medium  with  40  mM  fumarate.  100  pL  was  transferred  to  sterile  membranes,  which 
had  been  aseptically  placed  on  BSM  minimal  agar  plates  containing  40  mM  fumarate  and  30 
mM  of  the  respective  nitrogen  source.  Samples  were  grown  at  37°C,  and  the  untreated  OD600 

was  measured  hourly.  Persisters  were  enumerated  by  treating  with  150  pg/mL  ofloxacin  for  5  h, 
after  which  CFUs  were  measured.  A)  Persister  levels  for  NH4+-only,  NH4+-glycine,  glycine-only, 
and  NH4+-no  nitrogen  control.  B)  Persister  levels  for  NH4+-only,  NH4+-serine,  serine-only,  and 
NH4+-no  nitrogen  control.  Dashed  line  indicates  limit  of  detection.  Error  bars  indicated  SEM  of 
two  or  more  replicates. 
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Figure  23.  RelA  is  required  for  persister  formation  from  carbon  source  transitions  in  E.  coli 
biofilms.  Cells  were  challenged  with  200pL  of  lOpg/mL  ofloxacin  at  FCQD600=  6  and  FCOD600=  30, 
representing  growth  on  glucose  and  growth  after  glucose  exhaustion,  respectively  (except  for 
glucose-only  sample).  ArelA  eliminated  persister  formation  compared  to  wild-type  (p<0.05). 
Data  are  averages  of  3  independent  experiments,  error  bars  indicate  standard  deviation,  and 
significance  was  assessed  using  the  null  hypothesis  that  the  mutant  mean  fold-change  in 
persisters  was  equal  to  the  wild-type  fold-change  in  persisters. 
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Figure  24.  Nucleoid-associated  proteins  facilitate  persister  formation  from  carbon  transitions  in 
E.  coli  biofilms.  Cells  were  challenged  with  200pL  of  lOpg/mL  ofloxacin  at  FCQD600=6  and 

FC0d60o=30.  Components  of  3  NAPs,  A)  Afis,  B)  AseqA  ,  C)  AhupA,  and  D)  AhupB  eliminated 
persister  formation  compared  to  wild-type  (p<0.05).  Data  are  averages  of  3  independent 
experiments,  error  bars  indicate  standard  deviation,  and  significance  was  assessed  using  the 
null  hypothesis  that  the  mutant  mean  fold-change  in  persisters  was  equal  to  the  wild-type  fold- 
change  in  persisters. 
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Figure  25.  Involvement  of  Lon  in  persister  formation  from  carbon  source  transitions  in  E.  coli 
biofilms.  Cells  were  challenged  with  200pL  of  10p.g/mL  ofloxacin  at  FCQD600=  6  and  FCOD600=  30, 

representing  growth  on  glucose  and  growth  after  glucose  exhaustion,  respectively  (except  for 
glucose-only  sample).  Alon  did  not  eliminate  persister  formation  due  to  a  carbon  source 
transition  in  biofilms.  The  limit  of  detection  was  1  CFU/membrane.  Data  are  averages  of  3 
independent  experiments  and  error  bars  indicate  standard  deviation. 
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Abstract 


Persisters  are  abundant  in  biofilms,  though  the  mechanisms  of  their  fonnation  remain 
unclear.  The  plethora  of  biofilm  characteristics  that  could  give  rise  to  persisters,  including  slower 
growth,  quorum  signaling,  oxidative  stress,  and  nutrient  heterogeneity,  have  complicated  efforts 
to  delineate  formation  pathways  that  generate  persisters  during  biofilm  development.  Here  we 
sought  to  specifically  determine  whether  nutrient  transitions,  which  are  a  common  metabolic 
stress  encountered  within  surface-attached  communities,  stimulate  persister  formation  in  biofilms 
and  if  so,  to  then  identify  the  pathway.  To  accomplish  this,  we  established  an  experimental 
methodology  where  nutrient  availability  to  biofilm  cells  could  be  controlled  exogenously,  and 
then  used  that  method  to  discover  that  diauxic  carbon  source  transitions  stimulated  persister 
formation  in  Escherichia  coli  biofilms.  Previously,  we  found  that  carbon  source  transitions 
stimulate  persister  formation  in  planktonic  E.  coli  cultures,  through  a  pathway  that  involved 
ppGpp  and  nucleoid-associated  proteins,  and  therefore,  tested  the  functionality  of  that  pathway  in 
biofilms.  Biofilm  persister  formation  was  also  found  to  be  dependent  on  ppGpp  and  nucleoid- 
associated  proteins,  but  the  importance  of  specific  proteins  and  enzymes  between  biofilm  and 
planktonic  lifestyles  was  significantly  different.  Data  presented  here  support  the  increasingly 
appreciated  role  of  ppGpp  as  a  central  mediator  of  bacterial  persistence  and  demonstrate  that 
nutrient  transitions  can  be  a  source  of  persisters  in  biofilms. 


Introduction 


Bacterial  persisters  are  rare,  phenotypic  variants,  whose  hallmark  characteristic  is  a 
transient,  yet  extraordinary,  ability  to  tolerate  antibiotics  while  their  surrounding  kin  are 
killed.[l]  Persisters  are  highly  abundant  in  biofilms,  and  have  been  hypothesized  to  underlie  why 
biofilm  infections  often  relapse. [2,3]  Persisters  form  during  biofilm  growth,  and  despite  the 
identification  of  several  important  mediators,  including  ppGpp,[4-6]  Lon, [4]  RecA,[6]  and 
YafQ,[7]  the  aspects  of  biofilm  development  that  generate  persisters,  along  with  their  respective 
pathways,  remain  ill-defined.  The  biofilm  life-style  includes  numerous  qualities  conducive  to 
persister  formation,  including  slower  growth, [8, 9]  decreased  metabolism, [10]  quorum 
signaling, [1 1,12]  oxidative  stress, [13, 14]  and  nutrient  heterogeneity. [15, 16]  This  suggests  that 
the  composition  of  persister  sub-populations  in  mature  biofilms  is  likely  heterogeneous,[10,17- 
19]  consisting  of  persisters  formed  from  different  pathways  in  response  to  various  signals 
throughout  biofilm  growth. 

Recently,  we  identified  a  persister  formation  pathway  in  response  to  nutrient  transitions 
in  planktonic  E.  coli  cultures. [16]  Nutrient  transitions  are  abundant  in  biofilms,  as  cells  at  the 
periphery  consume  favorable  substrates  and  leave  less  favorable  substrates  and  waste  products 
available  to  cells  deeper  in  the  film. [5, 20]  Together,  these  phenomena  suggest  that  nutrient 
transitions  may  be  a  source  of  persisters  in  biofilms.  However,  several  studies  have  found  that 
genes  important  to  persistence  in  one  life-style,  biofilm  or  planktonic,  are  dispensable  to 
persistence  in  the  other. [6,7]  These  observations  highlight  the  necessity  to  test  the  functionality 
of  persister  formation  pathways  identified  under  planktonic  conditions  in  biofilm  environments. 
To  date,  mechanisms  of  persister  fonnation  have  mainly  been  studied  in  planktonic 


systems, [12, 14, 16, 21]  and  the  extent  to  which  these  pathways  operate  in  biofilms  remains  an 
open  question. 

Here  we  sought  to  detennine  whether  carbon  source  transitions  within  biofilms  generate 
persisters,  and  if  so,  to  then  identify  the  underlying  pathway.  To  accomplish  this,  we  established 
a  bio  film  culturing  method  where  nutrient  availability  to  cells  could  be  controlled  exogenously. 
Using  this  method,  we  found  that  diauxic  transitions  stimulate  persister  formation  in  E.  coli 
biofilms  through  a  pathway  that  involves  the  ppGpp  synthase,  RelA,  and  nucleoid-associated 
proteins  (NAPs),  FIS,  HU,  and  SeqA. [22,23]  This  pathway  is  qualitatively  similar  to  the  one 
found  in  planktonic  cultures,  with  the  exceptions  of  only  removal  of  one  ppGpp  synthase  was 
required  to  eliminate  persister  formation  and  IHF  was  not  found  to  participate  in  persister 
formation  in  biofilms.  These  findings  provide  a  more  thorough  understanding  of  the  importance 
of  ppGpp  to  persistence  in  biofilms  and  point  to  nutrient  transitions  as  an  inherent  characteristic 
of  biofilm  growth  that  has  the  capacity  for  persister  generation. 

Materials  and  Methods 

Bacterial  strains,  plasmids,  and  biofilm  growth  conditions 

E.  coli  MG  165 5  was  the  wild-type  strain  used  in  this  study.  Its  genetic  mutants  and 
plasmids  used  here  were  described  previously.  [16]  Separate  colonies  were  used  for  each  of  three 
replicate  experiments.  Biofilm  experiments  were  performed  using  colony  biofilms. [20]  For  these 
experiments,  cells  from  -80°C  stock  were  grown  for  4  h  in  LB,  diluted  1 : 100  into  2mL  of  lOmM 
M9  glucose,  and  grown  overnight  for  16  h  at  37°C  and  250rpm.  The  overnight  culture  was 
diluted  into  fresh  M9  media  containing  15mM  carbon  to  an  optical  density  at  600nm  (OD600)  of 
0.01  and  1 00 liL  aliquots  were  inoculated  onto  sterile,  polyethersulfone  (PES)  membranes 
(0.2pm  pore  size,  25mm  diameter,  Pall  Corporation,  Ann  Arbor,  MI)  positioned  on  M9  minimal 


agar  plates  containing  either  60mM  of  secondary  carbon,  lOmM  glucose,  or  no  carbon.  Plates 
were  incubated  at  37°C.  To  monitor  growth,  PES  membranes  were  aseptically  removed  from  the 
agar,  vortexed  in  2mL  of  sterile  PBS  for  1  minute,  and  the  OD600  of  the  resulting  cell 
suspensions  were  measured.  Growth  was  reported  as  a  fold  change  in  OD6oo  (FC0D600),  which  is 
the  ratio  of  cells  present  on  the  membrane  to  the  cells  inoculated  onto  the  membrane. 

Carbon  source  transition  assay 

Colony  biofilms  were  grown  as  described  by  diluting  the  overnight  into  fresh  15mM 
carbon.  At  desired  time  points,  membranes  containing  colony  biofilms  were  aseptically  removed 
from  the  agar,  vortexed  in  2mL  of  PBS  for  1  minute,  and  the  OD6oo  was  measured.  OD6oo  was 
monitored  for  over  8  h  of  growth  for  specified  secondary  carbon  sources  and  no  carbon.  Persister 
measurements  were  taken  prior  to  glucose  exhaustion  (FCod600~14,  Figure  1)  at  FCod600=6  and 
after  glucose  exhaustion  at  FCod600=30. 

Transcriptional  Reporters 

MG1655  possessing  pSA03,  pSA04,  and  pSA07[16]  were  used  as  cAMP  and  ppGpp 
transcriptional  reporters  as  indicated.  Kanamycin  (50ug/mL)  was  present  during  growth  for 
plasmid  retention.  Cells  were  prepared  as  described  above.  At  FCod6oo=6  (before  glucose 
exhaustion)  and  at  FCod6oo=30  (after  glucose  exhaustion),  membranes  were  aseptically  removed 
from  the  agar  and  vortexed  in  2mL  of  PBS. 

All  strains  including  controls  were  analyzed  by  LSRII  (BD  Biosciences,  San  Jose,  CA) 
flow  cytometer.  Microorganisms  were  detennined  using  forward  and  side  scatter  parameters 
(FSC  and  SSC)  and  MG  1655  carrying  pUA66  as  a  control.  The  bacteria  were  assayed  with  a 


laser  emitting  at  488nm  for  GFP,  and  green  fluorescence  was  collected  by  525/50  bandpass  filter. 
Data  were  acquired  and  analyzed  using  FACSDiVa  software  (BD  Biosciences,  San  Jose,  CA). 


Glucose  measurements 

Cells  were  prepared  as  described,  and  at  FCod60o=6  (before  glucose  exhaustion)  and 
FCod600=30  (after  glucose  exhaustion),  membranes  were  aseptically  removed  from  the  agar  and 
vortexed  in  lmL  of  PBS.  For  the  no  carbon  control,  samples  were  taken  at  FCod600=6  and  2  h 
post-glucose  exhaustion.  Glucose  was  quantified  using  the  Amplex  Red  Glucose/Glucose 
Oxidase  Kit  (Invitrogen,  Eugene,  OR). 

Persistence  measurements 

Persisters  were  enumerated  by  detennining  the  number  of  colony  forming  units  (CFU) 
after  exposure  to  lOpg/mL  ofloxacin  for  5  h.  At  specified  FCod6oo,  colony  biofilms  on 
membranes  were  treated  with  200 pL  of  lOpg/mL  ofloxacin  applied  to  the  top  of  the  membrane 
and  incubated  at  37°C.  At  designated  time  points,  membranes  were  aseptically  removed  from  the 
agar,  vortexed  in  2mL  of  PBS,  washed  and  serially  diluted  in  PBS,  and  lOpL  was  spotted  onto 
LB  agar.  Cells  were  stored  at  4°C  prior  to  plating  as  necessary,  and  it  was  confirmed  that  such 
storage  did  not  affect  CFU  measurements  when  compared  to  samples  plated  immediately.  Plates 
were  incubated  for  16  h  at  37°C  and  CFU  were  measured  to  determine  persister  counts.  10-100 
colonies  were  counted  for  each  data  point. [24] 


Statistical  Analysis 

Statistical  significance  was  assessed  using  2-tailed  t-tests  with  unequal  variances.  We 
previously  confirmed  that  the  data  from  CFU  measurements  can  be  treated  as  near-normally 
distributed  with  a  larger  sample  dataset.  [16]  The  threshold  for  significance  was  set  to  the  p-value 
<  0.05. 

Results  and  Discussion 

Establishment  of  a  method  to  exogenously  control  carbon  source  availability  in  colony  biofilms 

Bacteria  can  exhibit  either  diauxic  or  non-diauxic  growth  when  grown  in  the  presence  of 
two  carbon  sources. [2 5]  Diauxic  growth  occurs  in  media  with  multiple  carbon  sources  when  two 
exponential  growth  phases  are  separated  by  a  lag  period. [26]  During  the  first  growth  phase,  the 
preferential  carbon  source  is  consumed,  whereas  the  less  favorable  secondary  carbon  source 
supports  growth  during  the  second  growth  phase.  The  lag  period  between  the  growth  phases  is 
associated  with  physiological  changes  required  for  growth  on  the  secondary  carbon  source. [26] 
Non-diauxic  growth  can  exhibit  preferential  carbon  source  consumption,  but  lacks  the 
intennediate  lag  period.  [27]  We  have  previously  demonstrated  that  diauxic  carbon  source 
transitions  stimulate  persister  formation  in  planktonic  E.  coli  cultures. [16]  Here,  we  sought  to 
investigate  whether  carbon  source  transitions  stimulate  persister  formation  during  biofilm 
growth,  and  if  so,  identify  the  fonnation  pathway  responsible. 

To  study  persister  formation  from  carbon  source  transitions  in  biofilms,  we  required  an 
experimental  system  where  only  biofilm  cells  were  present  and  nutrient  availability  could  be 
controlled  exogenously.  Biofilms  are  often  grown  in  the  presence  of  planktonic  cells, [28, 29]  but 
results  from  these  systems  are  complicated  by  biofilm  dispersal,  and  when  considering  rare 
events  such  as  persisters,  uncertainty  arises  as  to  whether  a  cell  originated  from  the  biofilm  or 


planktonic  sub-population.  Given  these  considerations,  we  used  the  colony  biofdm  culturing 
method,  where  cells  are  grown  on  nutrient-permeable  membranes  positioned  atop  agar 
plates. [5,20,30]  In  this  method,  all  bacteria  are  surface-attached  bio  film  cells  and  planktonic  cells 
are  absent.  This  culturing  method  also  allowed  exogenous  control  of  nutrient  availability  to 
biofdm  cells  (Figure  1  A).  Glucose,  the  primary  carbon  source,  was  delivered  with  cells  to  the  top 
of  PES  membranes  and  secondary  carbon  sources  or  controls  (glucose  and  no  carbon)  were 
provided  in  the  agar.  Young  biofilms  were  investigated  to  avoid  the  in-film  nutrient  gradients 
that  are  present  in  mature  colony  biofilms. [15, 20]  To  demonstrate  that  the  colony  biofilm 
method  produced  young  biofilms  on  the  timescale  of  our  experiments,  we  imaged  colony 
biofilms  4  hours  after  inoculation  onto  the  membrane  using  confocal  microscopy  and  a  strain 
producing  the  mCherry  fluorescent  protein  (Figure  SI).  The  presence  of  cell  clusters  in  the 
biofdm  sample  compared  to  a  sample  where  an  equal  number  of  planktonic  cells  were  seeded 
onto  the  membrane  just  prior  to  imaging  demonstrates  that  these  young  films  are  immobilized 
cells  growing  in  surface-attached  communities. 

To  demonstrate  that  exogenous  control  of  nutrient  availability  was  achieved  with  the 
colony  biofilm  method,  we  monitored  growth,  quantified  the  glucose  concentration  in 
membranes,  and  utilized  a  transcriptional  reporter  of  glucose  exhaustion.  Using  2.5mM  glucose 
in  the  inoculums,  similar  growth  for  films  grown  on  agar  containing  glucose,  fumarate,  and  no 
carbon  was  observed,  indicating  a  common  period  of  glucose  consumption  (Figure  IB). 

Fumarate  was  used  here  as  a  representative  diauxic  carbon  source,  and  analogous  measurements 
with  additional  secondary  carbon  sources  are  presented  in  the  Supporting  Information  (Figure 
S2).  After  4  hours  (FC0d6oo~14),  growth  rates  of  the  fumarate  and  no  carbon  samples  decreased, 
suggesting  a  transition  away  from  glucose-replete  conditions.  Residual  growth  in  the  no  carbon 


sample  was  due  to  trace  glucose  levels,  whereas  growth  in  the  fumarate  sample,  which  far 
exceeded  that  of  the  no  carbon  sample,  signified  fumarate  catabolism.  This  was  confirmed  by 
quantifying  glucose  in  the  membranes  (Figure  1C).  Since  glucose  exhaustion  triggers  the 
production  of  cAMP[31]  resulting  in  cAMP-CRP  transcriptional  activity,  we  used  a  cAMP-CRP 
transcriptional  reporter[16]  to  demonstrate  that  cAMP-CRP  is  comparable  between  glucose  and 
fumarate  samples  during  the  common  period  of  glucose  consumption,  and  cAMP-CRP  activity 
increased  in  the  fumarate  sample  after  glucose  depletion  (Figure  ID).  These  flow  cytometry  data, 
which  consist  of  only  a  single,  distinct  peak  for  each  sample,  also  suggest  that  the  biofilm  cells 
were  exposed  to  similar  nutrient  environments.  Together  these  data  demonstrate  that  our 
experimental  setup  was  successful  in  achieving  well-controlled  carbon  source  transitions  in 
biofilms. 

Carbon  source  transitions  stimulate  persister  formation 

After  establishing  a  functional  system  for  analyzing  carbon  source  transitions  in  biofilms, 
we  examined  if  transitions  stimulate  persister  fonnation.  E.  coli  persister  levels  were  measured 
using  ofloxacin  throughout  growth  using  glucose  as  the  primary  carbon  source  and  a  panel  of 
secondary  carbon  sources  that  are  diauxic  or  non-diauxic  with  glucose.  The  antibiotic  treatment 
was  delivered  to  the  biofilms  as  200  uL  of  1  Oug/mL  ofloxacin  evenly  distributed  atop  the 
membrane  to  ensure  full  treatment  of  the  biofilm.  It  was  observed  that  diauxic  media  exhibited 
an  increase  in  persisters  to  ofloxacin  upon  glucose  exhaustion  compared  to  the  sole  glucose 
control  (Figure  2A).  The  non-diauxic  secondary  carbon  sources,  fructose  [32]  and  gluconate[33] 
did  not  exhibit  an  increase  in  persisters  to  ofloxacin  after  glucose  exhaustion.  These  results 
suggested  that  diauxic  transitions  stimulated  fonnation  of  persisters  to  ofloxacin  in  biofilms. 


To  identify  the  underlying  formation  pathway,  we  focused  on  glucose-fumarate 
transitions,  since  they  elicited  the  strongest  persister  fonnation  response  and  were  previously 
studied  in  planktonic  culture. [16]  For  comparison,  glucose-fructose  transitions,  which  are  non- 
diauxic,  were  investigated.  Persister  measurements  were  taken  during  growth  on  glucose 
(FCod6oo=6)  and  after  glucose  exhaustion  (FCod6oo=30).  During  exponential  growth  on  glucose, 
all  persister  levels  were  the  same  independent  of  the  secondary  carbon  source  present  (Figure 
2B).  Persister  measurements  during  exponential  growth  on  the  secondary  carbon  source 
exhibited  a  statistically  significant  13-fold  increase  in  persisters  for  the  glucose-fumarate 
samples  and  an  insignificant  1 .4-fold  increase  for  the  glucose-fructose  samples  when  compared 
to  persister  levels  in  the  glucose-only  samples  at  the  same  FCod6oo- 

To  establish  that  the  increase  in  persisters  was  due  to  the  transition  from  glucose  to 
fumarate  and  not  from  the  slower  growth  on  fumarate,  persister  measurements  were  taken  at  the 
same  film  densities  during  growth  on  fumarate  as  the  sole  carbon  source  (fumarate  provided  in 
the  inoculum  and  agar)  (Figure  2C).  The  persister  levels  for  the  culture  grown  in  the  fumarate- 
only  samples  were  1 .4-fold  higher  and  not  statistically  different  from  persister  levels  for  glucose- 
only  samples,  but  were  9-fold  lower  and  statistically  different  from  those  for  the  glucose- 
fumarate  samples,  which  suggests  that  the  increase  in  persisters  was  a  result  of  the  carbon  source 
transition  and  not  slower  growth  on  fumarate. 


Persisters  form  through  a  RelA-dependent  mechanism 

We  next  sought  to  detennine  the  molecular  mechanism  responsible  for  persister 
formation  from  carbon  source  transitions  in  biofilms.  Upon  glucose  limitation,  the  stringent 
response  is  activated  and  the  metabolite  ppGpp  is  synthesized  by  both  RelA  and  SpoT.[34,35] 


RelA  is  a  ribosome-associated  ppGpp  synthase,  whereas  SpoT  has  both  synthase  and  hydrolase 
activity. [35]  We  have  shown  previously  that  persister  formation  from  carbon  source  transitions 
in  planktonic  cultures  is  dependent  on  the  ppGpp  biochemical  network.  [16]  Therefore,  we  tested 
whether  ppGpp  is  also  essential  for  persister  fonnation  due  to  carbon  source  transitions  in 
biofilms. 

We  measured  persisters  prior  to  and  after  glucose  exhaustion  in  ArelA  (Figure  3,  Table 
SI).  Deletion  of  the  ribosome-dependent  ppGpp  synthase  RelA  resulted  in  an  insignificant  1.6- 
fold  increase  in  persisters  when  comparing  glucose-fumarate  to  glucose-only  samples.  These 
data  suggest  that  RelA  is  required  for  persister  fonnation  from  carbon  source  transitions  in 
biofilms.  Interestingly,  under  planktonic  conditions,  ArelA  was  only  found  to  reduce  the  quantity 
of  persisters  formed,  whereas  deletion  of  both  ppGpp  synthases  (Are/AAspoT)  was  required  to 
eliminate  persister  formation.  [16]  This  suggests  that  levels  of  ppGpp  in  a  biofilm  responding  to  a 
carbon  source  transition  are  not  as  significant  as  those  in  planktonic  cultures.  The  reduced 
persister  formation  in  biofilms  compared  to  planktonic  cultures  (13-fold  compared  to  —50-fold), 
as  well  as  the  lack  of  a  response  from  ppGpp  transcriptional  reporters[16]  to  the  carbon  source 
transition  in  biofilms  (Figure  S3)  provided  evidence  to  support  this  hypothesis.  Despite  the 
potentially  attenuated  stringent  response  in  biofilms  under  our  experimental  conditions,  ppGpp 
remained  the  driving  force  for  persister  formation  from  carbon  source  transitions. 


ppGpp-dependent  persister  formation  in  biofilms  requires  NAPs 

We  next  sought  to  detennine  how  ppGpp  in  biofilms  increases  tolerance  to  ofloxacin,  an 
antibiotic  that  targets  DNA  gyrase.[36]  Previously,  high  levels  of  ppGpp  have  been  observed  to 
lead  to  relaxation  of  the  chromosome,  an  indicator  of  reduced  DNA  gyrase  activity.  [3  7]  Though 


the  mechanism  underlying  this  phenomenon  remains  ill-defined,  it  is  known  that  DNA  gyrase, 
topoisomerases  I,  III,  and  IV,  and  NAPs  work  together  to  control  the  degree  of  (-)  supercoiling 
of  the  chromosome. [37,38]  Given  the  role  of  NAPs  in  (-)  supercoiling  and  the  discovery  that 
several  NAPs  were  involved  in  persister  fonnation  from  carbon  source  transitions  in  planktonic 
cultures,  we  tested  mutants  of  NAPs  FIS,  HNS,  HU,  IHF,  and  SeqA.  [39-41] 

We  found  that  A/A,  A  hup  A,  AhupB,  and  AseqA  all  removed  persister  formation  from 
carbon  source  transitions  in  biofilms  (Figure  4),  whereas  A ihfA,  L \ihfB ,  and  Ahns  did  not 
eliminate  persister  formation  (Figure  S4).  Interestingly,  IHF  was  previously  found  to  be  an 
important  mediator  of  persister  fonnation  in  planktonic  conditions,  but  here  was  not  found  to  be 
a  mediator  in  the  biofilm  state.  Interactions  of  NAPs  with  chromosomal  DNA  and  one  another 
are  strongly  influenced  by  growth  rate  and  phase, [38, 42, 43]  so  we  reason  that  differences  in 
these  interactions  between  biofilm  and  planktonic  lifestyles  underlie  why  IHF  was  only  found  to 
be  important  for  planktonic  persister  formation.  Together,  these  results  demonstrate  that  FIS, 
HU,  and  SeqA  are  required  for  ppGpp  to  generate  persisters  in  response  to  carbon  source 
transitions  in  biofilms. 


Conclusions 

The  clinical  importance  of  persisters  has  been  attributed  to  their  presence  in  biofilm 
infections. [3, 44]  Though  abundant  in  biofilms,  the  means  by  which  persisters  form  in  this 
bacterial  life-style  remain  obscure.  This  is  in  part  due  to  the  environmental  heterogeneity 
inherent  to  biofilm  growth.  Here  we  were  able  to  establish  an  experimental  protocol  to  study,  in 
isolation,  the  effect  of  nutrient  transitions  on  persistence  in  biofilms.  Identification  that  diauxic 
carbon  source  transitions  generate  persisters  to  ofloxacin  in  biofilms  led  us  to  identify  RelA  and 


NAPs  as  critical  mediators  of  the  process.  ppGpp  has  been  increasingly  identified  as  a  major 
mediator  of  persistence.  [4-6, 16,45]  Both  Nguyen  and  colleagues  and  Maisonneuve  and 
colleagues  established  that  ppGpp  was  important  for  persister  formation  in  mature  E.  coli 
biofilms,  [4,5],  though  the  aspect  of  biofilm  physiology  that  was  responsible  for  the  significance 
of  ppGpp  in  persistence  was  undetermined.  In  addition,  Bernier  and  colleagues  found  that 
ofloxacin  persister  formation  from  leucine  starvation  in  E.  coli  biofilms  was  partially  dependent 
on  ppGpp. [6]  Here  we  identified  carbon  source  transitions  as  a  biofilm  property  that  generates 
persisters  through  a  ppGpp-dependent  mechanism.  Further,  we  found  that  modulators  of 
chromosomal  (-)  supercoiling  were  required  for  ppGpp  to  form  persisters  in  response  to  carbon 
source  transitions,  providing  a  direct  connection  to  the  primary  target  of  fluoroquinolones,  DNA 
gyrase.  Interestingly,  Maisonneuve  and  colleagues  found  that  the  Lon  protease  was  required  for 
the  ppGpp-dependent  persister  formation  they  observed.  [4]  We  tested  Alon  and  found  that 
removal  of  this  protease  did  not  eliminate  persister  fonnation  in  response  to  carbon  source 
transitions  (Figure  S5).  However,  we  note  that  Alon  did  give  rise  to  fewer  persisters  than  wild- 
type,  supporting  its  importance  to  persistence  in  E.  coli  biofilms.  Increasingly,  persistence  has 
been  found  to  depend  on  ppGpp,  suggesting  that  the  alarmone  may  be  a  common  node  for 
diverse  formation  mechanisms  and  thus  an  attractive  candidate  for  anti -persister  therapies. [46] 
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Figure  Legends 

Figure  1.  Experimental  approach  to  control  carbon  source  transitions  in  biofilms.  (A)  A 

schematic  of  our  experimental  setup  where  cells  and  the  primary  carbon  source  are  applied  to  a 
PES  membrane  set  atop  agar  containing  the  secondary  carbon  source,  glucose,  or  no  carbon.  (B) 
PES  membranes  atop  agar  containing  lOmM  glucose  ,  15mM  fumarate,  and  no  carbon  were 
inoculated  with  wild-type  cells  at  0.01  OD6oo  in  2.5mM  glucose  and  incubated  at  37°C.  The 
OD6oo  was  measured  at  specified  time  intervals  and  FC0D600  was  determined.  One  exponential 
growth  phase  was  observed  for  glucose  samples.  Two  regimes  of  exponential  growth  were 
observed  for  glucose-fumarate  samples  and  no  carbon  sample  exhibited  limited  growth  after 
glucose  exhaustion,  (c)  Glucose  concentration  measurements  were  taken  at  each  persister 
sampling  (FCod60o=6  and  FCod60o=30)  for  glucose  and  glucose-fumarate  samples  and  at 
FCod6oo=6  and  2  h  post  glucose  exhaustion  for  the  no  carbon  sample,  (d)  P malK-gfp  GFP 
distribution  at  FCod6oo=6  and  FCod600=30  in  glucose-fumarate  and  glucose  samples.  Data  are 
averages  of  >  3  independent  experiments  and  error  bars  indicate  standard  deviation. 

Figure  2.  Diauxic  shifts  stimulate  persister  formation  in  biofilms.  (A)  E.  coli  were  grown  on 
glucose  as  the  primary  carbon  source  and  a  panel  of  secondary  carbon  sources.  At  hourly  time 
points,  biofilms  were  challenged  with  200pl  of  lOpg/mL  ofloxacin  for  5  h,  aseptically  removed 
from  the  agar,  vortexed  in  2mL  PBS  for  1  minute,  washed,  and  plated  to  measure  CFUs.  To 
construct  the  color  plot  as  a  function  of  FCod6oo,  as  needed  values  plotted  were  interpolated  from 
two  adjacent  measurements.  (B)  Diauxic  growth  (glucose-fumarate)  results  in  significant 
persister  formation  (p<0.05),  whereas  non-diauxic  growth  does  not  (p>0.05)  (glucose  and 
glucose-fructose).  (C)  Growth  on  fumarate  is  not  responsible  for  persister  formation  in  glucose- 
fumarate  samples,  as  evidence  by  sole  fumarate  control,  which  contained  fumarate  as  the  only 


carbon  source  both  in  the  inoculum  and  agar.  Data  are  averages  of  >  3  independent  experiments, 
error  bars  indicate  standard  deviation,  and  significance  was  assessed  using  the  null  hypothesis 
that  the  mean  CFU  levels  in  two  sample  sets  were  equal. 

Figure  3.  RelA  is  required  for  persister  formation  from  carbon  source  transitions  in 
biofilms.  Cells  were  challenged  with  200pL  of  lOpg/mL  ofloxacin  at  FCod6oo=6  and 
FCod600=30,  representing  growth  on  glucose  and  growth  after  glucose  exhaustion,  respectively 
(except  for  glucose-only  sample).  ArelA  eliminated  persister  formation  compared  to  wild-type 
(p<0.05).  Data  are  averages  of  3  independent  experiments,  error  bars  indicate  standard  deviation, 
and  significance  was  assessed  using  the  null  hypothesis  that  the  mutant  mean  fold-change  in 
persisters  was  equal  to  the  wild-type  fold-change  in  persisters. 

Figure  4.  Nucleoid-associated  proteins  facilitate  persister  formation  from  carbon 
transitions  in  biofilms.  Cells  were  challenged  with  200pL  of  lOpg/mL  ofloxacin  at  FCod6oo=6 
and  FCod6oo=30.  Components  of  3  NAPs  (A)  Afis,  (B)  AseqA  (C)  AhupA,  and  (D)  AhupB 
eliminated  persister  formation  compared  to  wild-type  (p<0.05).  Data  are  averages  of  3 
independent  experiments,  error  bars  indicate  standard  deviation,  and  significance  was  assessed 
using  the  null  hypothesis  that  the  mutant  mean  fold-change  in  persisters  was  equal  to  the  wild- 
type  fold-change  in  persisters. 
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Supporting  Material  and  Methods 

Confocal  Microscopy  of  Colony  Biofilms 

E.  coli  MG  165  5  MOOOl,  which  contained  a  chromosomally  integrated  lacP  promoter  in 
place  of  the  lad  promoter  and  a  chromosomally  integrated  T5p-mCherry  cassette  in  place  of 
lacZYAfl]  was  used  to  image  cells  grown  on  the  PES  membranes.  Cells  from  -80°C  stock  were 
grown  for  4  h  in  LB,  diluted  1 : 100  into  2mL  of  lOmM  M9  glucose  with  2mM  isopropyl  (3-D-l- 
thiogalactopyranoside  (IPTG),  and  grown  overnight  for  16  h  at  37°C  and  250rpm. 

For  biofilm  samples,  the  overnight  culture  was  diluted  into  fresh  2.5mM  M9  glucose  with 
2mM  IPTG  to  an  OD6oo  of  0.01  and  lOOpL  aliquots  were  inoculated  onto  sterile,  PES 
membranes  positioned  on  lOmM  glucose  M9  minimal  agar  plates  containing  2mM  IPTG.  Plates 
were  incubated  at  37°C  for  4  h  (~3.5  cell  divisions).  For  planktonic  samples,  the  overnight 
culture  was  diluted  in  25mL  of  fresh  lOmM  M9  glucose  with  2mM  IPTG  to  an  OD600  of  0.01. 
Cells  were  grown  at  37°C  and  250rpm  until  ~3.5  doublings  occurred  and  then  ~7xl06  cells 
(approximately  the  number  of  cells  present  on  the  biofilm  after  4  hours  of  growth)  were  applied 
to  a  sterile  PES  membrane. 

Membranes  were  immobilized  on  a  glass  slide  and  a  cover  slip  was  placed  over  them 
prior  to  imaging.  Imaging  was  performed  using  a  Nikon  Ti-E  microscope  (Nikon,  Melville,  NY), 
a  10X  Plan  Fluor  Phi  Nikon  objective  (0.3  NA)  or  100X  Plan  Apo  VC  Nikon  objective  (1.4 
NA),  a  Chroma  89014  filter  set  (Chroma,  Bellows  Falls,  VT)  with  an  ET572/35x  excitation  filter 
and  ET632/60m  emission  filter,  a  Prior  Lumen  200  Pro  fluorescence  illuminator,  and  an  Andor 


iXon  DU-897D  camera. 


Confirmation  of  Lon  protease  deletion 


Genetic  deletion  of  Ion  was  transduced  from  the  Keio  collection[2]  using  the  standard  P 1 
phage  method.  The  gene  deletion  was  confirmed  using  PCR  and  two  sets  of  primers.  One  set 
confirmed  the  presence  of  the  kanamycin  resistance  cassette  in  the  proper  chromosomal  location 
using  a  forward  primer  upstream  of  Ion,  5’-GATTTATGGCAAGCCGGAAG-3’,  and  a 
kanamycin  resistance  cassette  reverse  primer,  5’-  ATGATGGATACTTTCTCGGCAGGAG-3’. 
The  second  set  confirmed  the  absence  of  a  duplicate  gene,  and  contained  primers  within  the  gene 
of  interest  with  an  internal  Ion  forward,  5’-GCGTATTTCTGCGCTCTCTG-3’,  and  an  internal 
Ion  reverse,  5’-TAGTGGTCGCTGAACGCTAC-3’. 

Persistence  measurements  for  A  Ion 

Persister  enumeration  for  the  A  Ion  strain  was  carried  out  as  described  in  the  main  text 
with  the  following  modification.  Following  antibiotic  treatment  at  designated  time  points, 
membranes  were  aseptically  removed  from  the  agar,  vortexed  in  lmL  of  PBS,  washed  and 
serially  diluted  in  PBS,  and  the  entire  sample  was  spotted  onto  LB  agar  to  achieve  a  limit  of 


detection  of  1  CFU/membrane. 


Supporting  Figure  Legends 


Figure  SI.  Imaging  colony  biofilms.  MG1655  lacP  Pts  mCherry  cells  were  grown  16  h  in 
lOmM  M9  glucose  with  2mM  IPTG.  Cells  were  inoculated  into  2.5mM  M9  glucose  with  2mM 
IPTG  at  0.01  OD6oo-  Sterilized  PES  membranes  were  aseptically  placed  on  lOmM  M9  glucose 
with  2mM  IPTG  agar.  Membranes  were  inoculated  with  1 00 pL  of  cells  and  films  were  incubated 
at  37°C  for  4hr  (~3.5  doublings/  7xl06CFU/membrane).  Membranes  were  aseptically  removed 
from  the  agar  and  analyzed  using  confocal  microscopy  at  (A)10X  objective  and  (B)100x 
objective.  MG1655  lacP  PT5  mCherry  cells  were  grown  16  h  in  lOmM  M9  glucose  with  2mM 
IPTG.  Cells  were  inoculated  into  25mL  of  lOmM  M9  glucose  with  2mM  IPTG  at  0.01  OD6oo- 
After  ~3.5  doublings,  ~7xl06  CFU  were  inoculated  onto  a  sterilized  PES  membrane  and 
analyzed  using  confocal  microscopy  at  (C)  lOx  objective  and  (D)  lOOx  objective. 

Figure  S2.  Growth  of  colony  biofilms  on  glucose  and  a  panel  of  secondary  carbon  sources. 

PES  membranes  atop  agar  containing  specified  secondary  carbon  sources  were  inoculated  with 
wild-type  cells  at  0.01  OD6oo  in  2.5mM  glucose  and  incubated  at  37°C.  The  OD6oo  was 
measured  at  specified  time  intervals  and  FCod6oo  was  determined.  Data  are  averages  of  >  3 
independent  experiments  and  error  bars  indicate  standard  deviation. 


Figure  S3.  ppGpp  transcriptional  response  to  carbon  source  transition  in  biofilm.  MG  1655 
pUA66  P osmE-gfp  and  P wrbA-gfp  cells  were  grown  16h  in  lOmM  M9  glucose  with  50ug/mL 
kanamycin  and  inoculated  to  0.01  OD600  in  2.5mM  glucose.  PES  membranes  were  placed  on 
M9  agar  with  either  lOmM  glucose  with  50ug/mL  kanamycin  or  15mM  fumarate  with  50ug/mL 


kanamycin  and  membranes  were  inoculated  with  1 00 uL  of  cells.  Films  were  incubated  at  37°C. 
GFP  distribution  was  measured  at  FCod6oo=6  and  FCod600=30  for  (A)  VosmE-gfp  and  (B) 

P wrbA-gfp  in  glucose  and  glucose-fumarate  media  using  flow  cytometry. 


Figure  S4.  Involvement  of  IHF  and  HNS  in  persister  formation  from  carbon  source 
transitions.  Cells  were  challenged  with  200pL  of  lOpg/mL  ofloxacin  at  FCod60o=6  and 
FCod600=30,  representing  growth  on  glucose  and  growth  after  glucose  exhaustion,  respectively 
(except  for  glucose-only  sample).  (A)  AihfA,  (B)  AihfB,  and  (C)  Aims  produced  fold-change 
increases  in  persisters  (glucose-fumarate  persisters/glucose-only  persisters)  that  were  not 
significantly  reduced  compared  to  wild-type.  Data  are  averages  of  3  independent  experiments, 
error  bars  indicate  standard  deviation,  and  significance  was  assessed  using  the  null  hypothesis 
that  the  mutant  mean  fold-change  in  persisters  was  equal  to  the  wild-type  fold-change  in 
persisters. 


Figure  S5.  Involvement  of  Lon  in  persister  formation  from  carbon  source  transitions  in 
biofilms.  Cells  were  challenged  with  200pL  of  lOpg/mL  ofloxacin  at  FCod6oo=6  and 
FCod600=30,  representing  growth  on  glucose  and  growth  after  glucose  exhaustion,  respectively 
(except  for  glucose-only  sample).  A I  on  did  not  eliminate  persister  formation  due  to  a  carbon 
source  transition  in  biofilms.  The  limit  of  detection  was  1  CFU/membrane.  Data  are  averages  of 
3  independent  experiments  and  error  bars  indicate  standard  deviation. 


Table  SI.  Glucose  concentrations  (nmol/membrane) 


lOmM  glucose 

15mM  fumarate 

Bacterial  Strain 

FCod6oo-6 

FCod6oo~30 

FCod6oo~6 

FCod6oo~30 

wild-type 

62.5  ±0.61 

64.1  ±  1.59 

36.2  ±9.60 

3.1  ±  1.54 

Afis 

50.6  ±26.41 

66.7  ±3.30 

30.2  ±33.97 

0±0 

Ahns 

62.3  ±2.20 

61.1  ±4.16 

15.4  ±6.72 

4.5  ±  1.48 

AhupA 

65.2  ±  1.76 

64.3  ±3.56 

18.2  ±7.31 

0±0 

AhupB 

62.6  ±3.85 

62.2  ±  1.38 

17.7  ±  1.99 

0±0 

AihfA 

69.6  ±2.27 

70.3  ±2.95 

17.1  ±5.03 

2.8  ±4.32 

AihfB 

71.8  ±2.57 

73.7  ±4.22 

12.3  ±9.25 

2.3  ±2.29 

ArelA 

61.4  ±2.76 

61.2  ±2.42 

11.1  ±  1.19 

1.1  ±0.92 

AseqA 

71.6  ±  1.98 

70.0  ±4.40 

15.1  ±3.80 

0±0 

Table  SI.  Glucose  concentrations  (nmol/membrane).  Glucose  concentration  measurements 
were  taken  at  each  FC0D600  =  6  and  =30  for  all  strains  in  both  lOmM  glucose  and  15mM 
fumarate  samples.  Measurements  were  made  using  an  Amplex  Red  Glucose/Glucose  Oxidase 
Kit  (Invitrogen).  Three  replicates  were  conducted  for  each  mutant  and  condition  and  error 


indicates  standard  deviation. 
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SUMMARY 

Bacterial  persisters  are  phenotypic  variants  that  form 
from  the  action  of  stress  response  pathways  trig¬ 
gering  toxin-mediated  antibiotic  tolerance.  Although 
persisters  form  during  normal  growth  from  native 
stresses,  the  pathways  responsible  for  this  phenom¬ 
enon  remain  elusive.  Here  we  have  discovered  that 
carbon  source  transitions  stimulate  the  formation  of 
fluoroquinolone  persisters  in  Escherichia  coii. 
Further,  through  a  combination  of  genetic,  biochem¬ 
ical,  and  flow  cytometric  assays  in  conjunction  with  a 
mathematical  model,  we  have  reconstructed  a 
molecular-level  persister  formation  pathway  from 
initial  stress  (glucose  exhaustion)  to  the  activation 
of  a  metabolic  toxin-antitoxin  (TA)  module  (the 
ppGpp  biochemical  network)  resulting  in  inhibition 
of  DNA  gyrase  activity,  the  primary  target  of  fluoro¬ 
quinolones.  This  pathway  spans  from  initial  stress 
to  antibiotic  target  and  demonstrates  that  TA 
behavior  can  be  exhibited  by  a  metabolite-enzyme 
interaction  (ppGpp-SpoT),  in  contrast  to  classical 
TA  systems  that  involve  only  protein  and/or  RNA. 

INTRODUCTION 

Bacterial  persisters  are  rare,  transient  phenotypic  variants  with 
the  ability  to  tolerate  supralethal  concentrations  of  antibiotics 
(Balaban  et  al.,  2004;  Lewis,  2010).  This  phenotype  is  character¬ 
ized  by  a  biphasic  kill  curve,  where  the  first,  rapid  killing  regime 
represents  the  death  of  normal  cells  and  the  second,  slower 
killing  regime  indicates  the  presence  of  persisters  (Keren  et  al., 
2004;  Lewis,  2010).  Persisters  are  distinct  from  antibiotic-resis¬ 
tant  cells,  as  their  tolerances  are  not  genetically  defined. 
Persisters  are  particularly  important  for  biofilm  infections,  where 
they  are  thought  to  underlie  the  propensity  of  such  infections  to 
relapse  after  the  conclusion  of  antibiotic  therapy  (Lewis,  2010). 
The  antibiotic  tolerances  of  persisters  have  been  attributed  to 
transient  inhibition  of  functions  targeted  by  antibiotics,  and 
although  the  molecular  mechanisms  that  mediate  such  inhibi¬ 
tions  remain  ill  defined,  current  research  suggests  that  diverse 
stresses  acting  through  a  multitude  of  toxin-antitoxin  (TA)  mod¬ 
ules  form  persisters  (Dorr  et  al.,  201 0;  Lewis,  201 0).  TA  modules 
are  attractive  as  terminal  effectors  of  persistence  for  three  rea¬ 
sons:  (1)  toxins  have  the  ability  to  halt  growth,  thus  reducing 


the  activity  of  antibiotic  targets  (Yamaguchi  and  Inouye,  2011); 
(2)  overexpression  of  toxins  in  excess  of  their  cognate  antitoxins 
has  been  shown  to  increase  antibiotic  tolerance  (Dorr  et  al., 
2010;  Kim  and  Wood,  2010;  Lewis,  2010;  Vazquez-Laslop 
et  al.,  2006);  and  (3)  TA  modules  exhibit  bistability,  the  ability  to 
produce  two  steady  states  in  a  clonal  population  (normal  and 
persister  cells)  (Dubnau  and  Losick,  2006;  Rotem  et  al.,  2010). 
Each  TA  module  is  hypothesized  to  respond  to  a  specific  set 
of  stresses,  potentially  resulting  in  persister  heterogeneity 
(Allison  et  al.,  201 1 ;  Lewis,  201 0).  Stresses  that  have  been  shown 
to  form  persisters  can  be  classified  into  two  groups,  those  that 
are  from  exogenous  sources  (e.g.,  antibiotic  treatment),  which 
we  will  call  foreign  stresses,  and  those  that  bacteria  experience 
during  normal  growth,  and  thus  are  self-imposed  (e.g.,  starva¬ 
tion),  which  we  will  call  native  stresses. 

Dorr  and  colleagues  have  identified  the  most  complete  foreign 
stress  persister  formation  pathway  to  date,  from  an  initial 
exogenous  stress  (ciprofloxacin)  through  its  signal  transduction 
pathway  (RecA,  LexA)  to  the  source  of  antibiotic  tolerance 
(TisB  and  ATP  depletion)  (Dorr  et  al.,  2010).  Additional  pathways 
originating  from  foreign  stresses,  such  as  acid  treatment,  heat 
shock,  and  oxidative  stress,  have  been  elucidated  to  varying 
degrees  (Hong  et  al.,  2012;  Leung  and  Levesque,  2012;  Wu 
et  al.,  2012);  these  studies  highlight  the  diversity  of  stress  treat¬ 
ments  that  can  form  persisters. 

The  most  complete  native  pathway  was  presented  by  Nguyen 
and  colleagues,  who  found  that  the  stringent  response  of  Pseu¬ 
domonas  aeruginosa  facilitated  persister  formation  in  stationary- 
phase  and  biofilm  cultures  by  controlling  reactive  oxygen 
species  metabolism  (Nguyen  et  al.,  2011).  Though  important 
mediators  of  this  pathway  were  identified,  a  mechanistic 
connection  from  native  stress  to  the  source  of  bistability  in  anti¬ 
biotic  tolerance  was  not  identified.  Additional  studies  have  found 
that  quorum  sensing,  nutrient  limitation,  growth  phase,  and  the 
biofilm  lifestyle  all  impact  persister  formation  (Fung  et  al.,  2010; 
Grant  et  al.,  2012;  Lewis,  2010;  Moker  et  al.,  2010;  Vega  et  al., 
201 2).  These  studies  provide  a  wealth  of  knowledge  on  the  types 
of  native  stresses  that  form  persisters,  but  the  mechanistic  path¬ 
ways  that  underlie  the  formation  of  persisters  during  normal 
growth  remain  elusive. 

Inspired  by  previous  work  that  found  that  Escherichia  coii, 
P.  aeruginosa,  and  Staphylococcus  aureus  persisters  largely 
form  during  mid-  to  late-exponential  phase  (Keren  et  al.,  2004), 
we  sought  to  understand  the  molecular  mechanisms  by  which 
persisters  form  during  normal  growth.  During  the  mid-  to  late- 
exponential  phase  in  rich  media,  complex  nutrient  transitions 
occur  (Pruss  et  al.,  1994;  Sezonov  et  al.,  2007),  oxygen  becomes 
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limiting  and  its  concentration  continues  to  decline  (Tolosa  et  al., 
2002),  and  higher-density  phenotypes  such  as  quorum  sensing 
appear  (Surette  and  Bassler,  1998).  Since  diverse  formation 
mechanisms  may  be  present,  we  focused  on  a  single  native 
stress  in  isolation  and  sought  to  answer  the  fundamental  ques¬ 
tion  of  whether  carbon  source  transitions  stimulate  persister  for¬ 
mation,  and  if  so,  what  is  the  underlying  molecular  mechanism. 
To  accomplish  this,  we  studied  batch  growth  of  £.  coli  in  defined 
minimal  media  containing  one  or  more  carbon  sources.  By 
measuring  persister  levels  and  metabolite  concentrations  and 
using  genetic  perturbations,  flow  cytometry,  and  a  mathematical 
model,  we  have  reconstructed  a  mechanistic  persister  formation 
pathway  from  initial  stress  (glucose  exhaustion)  to  a  metabolic 
TA  module,  the  metabolite  guanosine  tetraphosphate  (ppGpp) 
and  its  biochemical  network,  and  its  inhibition  of  DNA  gyrase, 
the  primary  target  of  fluoroquinolone  antibiotics.  In  this  pathway, 
ppGpp  acts  as  the  toxin,  whereas  SpoT,  the  sole  ppGpp  hydro¬ 
lase  in  £.  coli ,  plays  the  role  of  the  antitoxin.  Conventionally,  TA 
modules  are  comprised  of  protein  and/or  RNA  components 
(Wang  et  al.,  2012;  Yamaguchi  and  Inouye,  2011),  whereas  this 
work  suggests  that  metabolic  networks  can  exhibit  TA-like 
behavior  including  bistability.  The  results  described  here  identify 
a  comprehensive  pathway  responsible  for  persister  formation 
under  normal  growth  conditions  and  suggest  that  TA-like  meta¬ 
bolic  networks  may  play  a  significant  role  in  persister  formation. 

RESULTS 

Diauxic  Shifts  Stimulate  Persister  Formation 

When  bacteria  are  grown  in  a  batch  culture  containing  two 
carbon  sources,  they  exhibit  a  range  of  consumption  patterns 
including  diauxic  growth  and  non-diauxic  growth  (Monod, 
1942).  Diauxie  is  characterized  by  exponential  growth  on  the 
preferred  carbon  source,  a  growth-arrested  lag  phase,  followed 
by  exponential  growth  on  the  secondary  carbon  source  (Rose- 
man  and  Meadow,  1990).  Non-diauxic  growth  can  still  exhibit 
preferential  substrate  consumption,  while  lacking  the  intermedi¬ 
ate  lag  phase  (Clark  and  Holms,  1976;  Narang  and  Pilyugin, 
2007),  but  can  also  result  from  coutilization  (Bachi  and  Kornberg, 
1975).  Since  persisters  have  been  observed  to  form  during 
periods  of  complex  nutrient  transitions,  including  shifts  in  carbon 
source  (Keren  et  al.,  2004;  Pruss  et  al.,  1 994),  we  sought  to  deter¬ 
mine  if  carbon  source  transitions  stimulate  persister  formation. 

£.  coli  persister  levels  were  measured  using  ofloxacin  (OFL)  or 
ampicillin  (AMP)  throughout  growth  on  a  panel  of  defined  mini¬ 
mal  media  containing  one  or  two  carbon  sources.  In  £.  coli, 
glucose  is  the  preferred  carbon  source,  preventing  the  con¬ 
sumption  of  most  other  carbon  sources  (Narang  and  Pilyugin, 
2007).  Therefore,  glucose  was  used  as  the  primary  carbon 
source,  and  secondary  carbon  sources  that  are  diauxic  or  non- 
diauxic  with  glucose  were  tested.  Growth  of  all  media  diverged 
at  ~0.08  optical  density  600  (OD600),  which  corresponds  to  the 
point  of  glucose  exhaustion  (Figure  SI).  It  was  observed  that 
diauxic  media  exhibited  an  increase  in  persisters  to  OFL  upon 
glucose  exhaustion  compared  to  the  sole  glucose  control  (Fig¬ 
ure  1A).  The  non-diauxic  secondary  carbon  source,  fructose 
(Clark  and  Holms,  1976),  as  well  as  the  coutilized  gluconate 
(Bachi  and  Kornberg,  1975)  did  not  exhibit  an  increase  in 


persisters  to  OFL  after  glucose  exhaustion.  These  results  sug¬ 
gested  that  diauxic  transitions  stimulated  formation  of  persisters 
to  OFL.  Results  using  AMP  were  similar,  except  that  the  diauxic 
cultures  containing  lactose  or  arabinose  did  not  result  in  an 
increase  in  persisters  compared  to  the  glucose-only  control  (Fig¬ 
ure  SI).  This  suggested  that  separate  mechanisms  were  likely 
present;  therefore,  we  chose  to  focus  on  persisters  to  OFL  for 
the  remainder  of  this  study. 

To  analyze  this  phenomenon  further,  we  focused  on  diauxic 
growth  in  glucose-fumarate,  since  it  elicited  the  strongest  persister 
formation  response,  and  growth  in  glucose-fructose,  since  it  is 
non-diauxic  and  not  coutilized.  Persister  measurements  were 
taken  during  growth  on  glucose  (0.02  OD60o)  and  after  glucose 
exhaustion  (0.12  OD60o).  During  exponential  growth  on  glucose, 
all  persister  levels  were  the  same,  independent  of  the  secondary 
carbon  source  present  (Figure  1 B).  Persister  measurements  dur¬ 
ing  exponential  growth  on  the  secondary  carbon  source  showed 
a  statistically  significant  ~50-fold  increase  in  persisters  for  the 
glucose-fumarate  culture  and  a  statistically  insignificant  <2-fold  in¬ 
crease  for  the  glucose-fructose  cultures  when  compared  to 
persister  levels  in  glucose-only  culture  at  the  same  OD6oo- 

To  establish  that  the  increase  in  persisters  was  due  to  the  tran¬ 
sition  from  glucose  to  fumarate  and  not  from  the  slower  growth 
on  fumarate,  persister  measurements  were  taken  at  the  same 
cell  densities  during  growth  on  fumarate  as  the  sole  carbon 
source  (Figure  1C).  The  persister  levels  for  the  culture  grown  in 
fumarate-only  media  were  2.8-fold  higher  than  and  not  statisti¬ 
cally  different  from  persister  levels  for  glucose-only  media,  but 
were  15-fold  lower  than  and  statistically  different  from  those 
for  the  glucose-fumarate  media,  which  suggests  the  increase 
in  persisters  was  a  result  of  the  carbon  source  transition  rather 
than  slower  growth  on  fumarate. 

Addition  of  cAMP  and  Bacteriostatic  Agents  Increase 
Persister  Levels 

We  next  sought  to  identify  whether  the  mediators  of  carbon 
source  diauxie  play  a  role  in  the  observed  persister  formation. 
Upon  glucose  limitation,  two  major  signaling  pathways  are  initi¬ 
ated,  catabolite  repression  is  released,  and  the  stringent 
response  is  activated  (Traxler  et  al.,  2006).  Adenylate  cyclase 
( cyaA )  is  activated  to  synthesize  cyclic  AMP  (cAMP),  which  binds 
to  the  cAMP  receptor  protein  (CRP)  to  activate  promoters  of  pro¬ 
teins  required  to  metabolize  carbon  sources  that  were  subject  to 
catabolite  repression  (Saier  et  al.,  1996).  ppGpp  synthesized  by 
RelA  and  SpoT  destabilizes  open  complex  formation  and 
represses  expression  of  stable  RNA  through  its  interaction  with 
RNA  polymerase  (RNAP)  and  DksA  (Ferullo  and  Lovett,  2008; 
Lemke  et  al.,  2011;  Murray  and  Bremer,  1996).  Unfortunately, 
\cyaA  and  \crp  prevent  resumption  of  growth  after  diauxie 
(Traxler  et  al.,  2006),  and  ArelAAspoT  and  AdksA  strains  are 
auxotrophic  (Potrykus  et  al.,  2011).  Therefore,  we  tested  whether 
synthetically  increasing  cAMP  or  ppGpp  leads  to  persister 
formation. 

Addition  of  cAMP  to  a  culture  growing  in  glucose  minimal 
media  generated  a  statistically  significant  ~20-fold  increase  in 
persisters  when  compared  to  the  untreated  wild-type  culture, 
confirming  that  this  molecule  has  the  ability  to  signal  persister 
formation  (Figure  2A).  This  effect  was  absent  in  a  Acrp  mutant 
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Figure  1.  Diauxic  Shift  Stimulates  Persister 
Formation 

(A)  E.  coli  were  grown  on  glucose  and  a  panel  of 
secondary  carbon  sources.  At  hourly  time  points, 
aliquots  of  culture  were  removed,  challenged  with 
5  ug/mL  OFL  for  4  hr,  washed,  and  plated  to 
measure  cfu.  To  construct  the  color  plot  as  a 
function  of  OD6oo,  cfu/mL  values  were  interpolated 
from  two  adjacent  measurements  to  plot  persister 
values  at  the  designated  OD60o- 

(B)  Diauxic  growth  (glucose-fumarate,  red)  results 
in  significant  persister  formation  (p  <  0.05), 
whereas  non-diauxic  growth  does  not  (p  >  0.05) 
(glucose,  black;  glucose-fructose,  green). 

(C)  Growth  on  fumarate  is  not  responsible  for 
persister  formation  in  glucose-fumarate  media,  as 
evidenced  by  sole  fumarate  control  (blue).  Data 
are  averages  of  >  three  independent  experi¬ 
ments,  error  bars  indicate  data  range,  and  signif¬ 
icance  was  assessed  using  the  null  hypothesis 
that  the  mean  cfu  levels  in  two  sample  sets  were 
equal.  See  also  Figure  SI . 
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(Figure  2B),  which  suggests  that  cAMP-CRP  (cAMP  receptor 
protein)  activity  was  essential  to  persister  formation.  Interest¬ 
ingly,  cAMP-CRP  activates  expression  of  RelA  and  DksA 
(Keseler  et  al.,  2013).  Therefore,  we  measured  persister  levels 
in  response  to  cAMP  addition  in  minimal  glucose  media  supple¬ 
mented  with  minimal  concentrations  of  the  amino  acids  (aa) 
ArelAAspoT  and  AdksA  require  for  growth  (Potrykus  et  al., 
2011).  In  the  aa-supplemented  media,  wild-type  cells  exhibited 
a  comparable  increase  in  persister  levels  when  treated  with 
cAMP,  whereas  ArelAAspoT  and  AdksA  eliminated  persister 
formation  (Figures  2C,  2D,  and  S2).  Removal  of  persister  forma¬ 
tion  in  these  strains  suggests  a  role  for  ppGpp  and  DksA  in 
persister  formation  downstream  of  cAMP-CRP. 

We  investigated  whether  increased  ppGpp  levels,  indepen¬ 
dent  of  cAMP,  can  stimulate  persister  formation.  Serine  hydrox- 
amate  (SHX),  which  rapidly  increases  intracellular  ppGpp,  was 
used  to  induce  the  stringent  response  (Ferullo  and  Lovett, 
2008).  However,  SHX  causes  bacteriostasis  (Tosa  and  Pizer, 
1971),  and  growth  inhibition  alone  increases  antibiotic  tolerance 


(Eng  et  al.,  1991).  As  a  control,  we  used 
chloramphenicol  (CAM),  which  is  also 
bacteriostatic  but  does  not  increase 
ppGpp  (Rodionov  and  Ishiguro,  1995).  A 
roughly  100-fold  increase  in  persisters 
occurred  after  both  SHX  and  CAM  treat¬ 
ment  (Figure  3A).  To  test  if  the  effect  of 
SHX  was  independent  of  ppGpp,  we 
treated  a  ArelAAspoT  culture  with  SHX. 
The  ArelAAspoT  strain  exhibited  a  15.5- 
fold  increase  in  persisters  after  SHX 
treatment  that  was  comparable  to  and 
not  statistically  distinguishable  from  the 
13.2-fold  increase  in  persisters  for  wild- 
type  in  analogous  conditions  (Figures  3B 
and  3C).  These  data  suggest  that  multiple 
formation  pathways  may  exist  during  dia¬ 
uxic  transitions,  since  increases  in  cAMP  and  ppGpp,  as  well  as 
growth  inhibition,  are  present. 

Persisters  from  Carbon  Source  Transitions  Form 
through  a  ppGpp-Dependent  Mechanism 

We  sought  to  separate  persister  formation  due  to  growth  inhibi¬ 
tion  from  that  of  cAMP  and  ppGpp.  To  do  this,  we  recognized 
that  the  aa  supplementation  required  for  growth  of  ArelAAspoT 
and  AdksA  strains  removes  the  lag  phase  associated  with  dia- 
uxie  (Traxler  et  al.,  2006),  but  glucose  exhaustion  and  a  transition 
to  growth  on  fumarate  still  occur  (Table  SI  and  Figure  S3).  In 
aa-supplemented  media,  persister  measurements  were  taken 
during  growth  on  glucose  (0.02  OD60o)  and  after  glucose  ex¬ 
haustion  (0.20  ODe0o).  During  exponential  growth  on  glucose, 
persister  levels  were  the  same  regardless  of  growth  in  either 
glucose  or  glucose-fumarate  (Figure  4).  After  transitioning 
to  growth  on  fumarate,  a  statistically  significant  increase  in 
persister  levels  of  ~20-fold,  compared  to  the  glucose-only  con¬ 
trol,  was  observed  for  wild-type  (Figure  4A).  This  demonstrates 
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Figure  2.  Role  of  cAMP  Addition  on  Persis¬ 
tence 

(A-D)  At  0.02  OD6oo,  all  strains  were  exposed  to 
either  8  mM  cAMP  or  no  treatment.  After  2  hr, 
survival  to  5  |ig/mL  OFL  was  measured.  Wild-type 
(A)  exhibited  a  significant  increase  in  persisters  due 
to  cAMP  (p  <  0.05)  while  Acrp  (B)  did  not.  Amino 
acid  supplementation  was  added  to  minimal  media 
to  allow  growth  of  ArelAAspoT  (C)  and  AdksA  (D). 
Wild-type  measurements  in  the  same  media  are 
provided  in  Figure  S2.  Data  are  averages  of  >  three 
independent  experiments,  error  bars  indicate  data 
range,  and  significance  was  assessed  using  the  null 
hypothesis  that  the  mean  cfu  levels  in  two  sample 
sets  were  equal. 


that  the  carbon  source  transition  in  the  absence  of  a  diauxic  lag 
was  sufficient  to  stimulate  persister  formation.  Amino  acid 
supplementation  did  decrease  the  persister  jump  by  ~2-fold, 
suggesting  that  growth  arrest  does  participate  in  persister  for¬ 
mation  during  diauxic  transitions. 

To  explore  if  the  cAMP-ppGpp  pathway  we  identified  plays  a 
role  in  persister  formation  during  normal  growth,  we  measured 
persisters  prior  to  and  after  glucose  exhaustion  in  the  aa-supple- 
mented  media  for  ArelA,  ArelAAspoT,  and  AdksA.  Analogous  to 
the  diauxic  media,  A cyaA  and  A crp  strains  cannot  resume 
growth  on  fumarate  after  glucose  exhaustion,  even  in  the  pres¬ 
ence  of  aa,  so  these  genetic  knockouts  could  not  be  tested. 
However,  using  a  cAMP-CRP  reporter  plasmid  (P malK-gfp),  we 
performed  fluorescence-activated  cell  sorting  (FACS)  experi¬ 
ments  to  confirm  that  cAMP-CRP  activity  increased  upon 
glucose  exhaustion  in  glucose-fumarate  aa-supplemented 
media  in  both  normal  and  persister  cells  (Figure  S3  and  Supple¬ 
mental  Experimental  Procedures). 

Deletions  either  of  both  ppGpp  synthases  or  of  DksA  exhibited 
statistically  significant  attenuation  of  persister  formation  (Figures 
4B,  4C,  and  4D).  Wild-type  exhibited  an  increase  of  ~20-fold  in 
persisters  as  a  result  of  the  carbon  source  transition,  whereas 
ArelA,  ArelAAspoT,  and  AdksA  exhibited  4-fold,  1.8-fold,  and 
1.5-fold  increases  in  persisters,  respectively.  These  results 
suggest  that  both  ppGpp  and  DksA  are  essential  to  trigger 
persister  formation  during  native  carbon  source  transitions  and 
that  both  RelA  and  SpoT  contribute  to  ppGpp  synthesis  and 
persister  formation  under  these  experimental  conditions. 

ppGpp  Biochemical  Network  Forms  a  Toxin-Antitoxin 
Module 

With  the  roles  of  ppGpp  and  DksA  confirmed,  we  sought  to 
identify  downstream  components  of  the  pathway.  Unfortu¬ 


nately,  ppGpp  and  DksA  act  as  global 
regulators  of  gene  expression  through 
their  interactions  with  RNAP  (Keseler 
et  al.,  2013).  Given  this  complexity,  we 
focused  first  on  identifying  the  terminal 
effector  of  persistence  that  enables 
bistable  antibiotic  tolerance  under  our  ex¬ 
perimental  conditions.  TA  modules  are 
commonly  considered  terminal  effectors 
of  persistence  due  to  their  bistable  architecture  and  ability  to 
inhibit  growth.  Therefore,  we  tested  toxins  that  were  most  likely 
to  be  involved  due  to  their  relevance  to  persistence  or  associ¬ 
ation  with  ppGpp,  cAMP,  or  the  SOS  response  (Table  S2). 
Toxins  associated  with  the  SOS  response  were  considered 
due  to  their  relevance  for  ciprofloxacin-induced  persisters 
(Dorr  et  al.,  2010),  though  we  note  that  neither  cAMP  nor 
glucose  exhaustion  stimulated  the  SOS  response  in  normal 
or  persister  cells  as  measured  by  FACS  and  a  P sulA-gfp  re¬ 
porter  plasmid  (Figure  S3  and  Supplemental  Experimental 
Procedures). 

All  toxin  deletions  tested  exhibited  an  increase  in  persisters 
after  carbon  source  transition  that  was  quantitatively  com¬ 
parable  and  statistically  indistinguishable  from  that  of  wild- 
type  (Figure  S4).  These  data  suggest  that  none  of  the  most  likely 
TA  modules  are  solely  responsible  for  the  ppGpp-dependent 
persister  formation  observed.  We  note  that  redundancy 
between  TA  modules  has  been  shown  to  impact  persistence 
(Maisonneuve  et  al.,  201 1)  and  that  testing  of  single  toxin  dele¬ 
tions  cannot  rule  out  the  possibility  that  multiple  TA  modules 
may  be  involved. 

Interestingly,  we  observed  that  the  biochemical  reaction 
network  of  ppGpp  includes  a  double-negative  feedback  loop 
(Figure  5A),  a  network  architecture  that  can  exhibit  bistability 
(Dubnau  and  Losick,  2006).  Furthermore,  ppGpp  can  cause 
growth  arrest  through  its  interaction  with  RNAP  (Potrykus  and 
Cashel,  2008),  and  SpoT,  the  sole  ppGpp  hydrolase,  cannot  be 
knocked  out  in  a  relA+  background  (An  et  al.,  1979).  Given  that 
these  are  typical  TA  module  characteristics  (Wang  and  Wood, 
2011;  Yamaguchi  and  Inouye,  2011),  we  reasoned  that  the 
source  of  bistable  antibiotic  tolerance  may  lie  in  the  ppGpp 
biochemical  network,  where  ppGpp  plays  the  role  of  a  metabo¬ 
lite  toxin  with  SpoT  as  its  enzymatic  antitoxin. 
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Figure  3.  Role  of  Increased  ppGpp  from  Serine  Hydroxamate  on 
Persistence 

(A)  Wild-type  at  0.02  OD60o  were  exposed  to  either  1  mg/mL  SHX,  50  ng/mL 
CAM ,  or  no  treatment.  After  2  hr,  the  survival  of  the  culture  to  5  |ig/mL  OFL  was 
measured. 

(B  and  C)  Cultures  of  wild-type  (B)  and  Are/AAspo7" (C)  strains  were  exposed  to 
either  1  mg/mL  SHX  or  no  treatment,  aa-supplemented  minimal  media  was 
used  for  both  wild-type  and  Are/A  AspoT.  After  2  hr,  the  survival  of  the  culture  to 
5  |.ig/mL  OFL  was  measured.  Data  are  averages  of  >  three  independent  ex¬ 
periments,  and  error  bars  indicate  data  range. 


To  establish  whether  the  ppGpp  biochemical  network  can 
exhibit  TA-like  behavior,  we  constructed  a  kinetic  model  of 
the  network  and  performed  a  bistability  analysis  (Supplemental 
Experimental  Procedures).  A  typical  result  for  bistability  can  be 
obtained,  as  shown  in  Figure  5B,  with  a  set  of  physiological 
parameters  (Tables  S3  and  S4).  The  dependence  of  bistability 


on  parameter  values  is  discussed  within  the  Supplemental 
Experimental  Procedures.  Three  steady  states  are  present  as 
denoted  by  the  intersection  of  the  nullclines.  As  can  be  seen 
by  the  projection  of  the  phase  space  trajectories  on  the 
(SpoT,  ppGpp)  plane,  two  of  the  steady  states  are  stable, 
whereas  the  intermediate  steady  state  is  not.  One  stable  solu¬ 
tion  is  characterized  by  high  SpoT  concentration  and  low 
ppGpp  concentration,  characteristic  of  exponentially  growing 
E.  coli  where  the  ppGpp/cell  can  range  from  ~5, 700-34, 000 
(Murray  and  Bremer,  1996),  whereas  the  other  stable  solution 
is  characterized  by  low  SpoT  concentration  and  high  ppGpp 
concentration,  corresponding  to  the  persister  state  (Table 
S5).  The  ppGpp  concentration  is  9.9  x  105  molecules/cell  in 
the  persister  state,  which  is  beyond  the  population-wide 
average  of  E.  coli  upon  glucose  exhaustion,  2.5  x  105  mole¬ 
cules/cell  (Murray  and  Bremer,  1996),  but  within  physiological 
limits,  since  triggering  the  stringent  response  with  pseudo- 
monic  acid  has  produced  similar  levels  (Baracchini  and 
Bremer,  1988).  These  mathematical  results  suggest  that  per¬ 
sisted  represent  an  outlier  population  with  significantly  higher 
intracellular  levels  of  ppGpp. 

To  corroborate  the  results  of  the  mathematical  model  with 
experimental  data,  we  used  FACS  and  two  stringent  response 
reporter  plasmids,  P wrbA-gfp  and  P osmE-gfp,  to  measure 
ppGpp  in  the  general  bacterial  population  and  persisters 
(Supplemental  Experimental  Procedures).  The  promoters  of 
wrbA  and  osmE  are  known  to  be  activated  by  ppGpp  (Durfee 
et  al.,  2008;  Traxler  et  al.,  2011),  and  we  demonstrated  that 
each  reported  on  ppGpp  levels  under  the  experimental  condi¬ 
tions  investigated  by  confirming  that  ArelAAspoT  eliminated 
the  increased  fluorescence  observed  from  P wrbA-gfp  and 
P osmE-gfp  in  response  to  glucose-fumarate  transitions  in 
aa-supplemented  media  (Figure  S4).  Using  these  ppGpp  re¬ 
porters,  we  sorted  wild-type  populations  with  FACS  and 
collected  the  highest  and  lowest  10%  quantiles,  as  has  been 
done  previously  in  a  persistence  study  with  P tnaC-gfp  (Vega 
et  al.,  2012).  Since  both  P wrbA-gfp  and  P osmE-gfp  increase 
fluorescence  in  response  to  ppGpp,  the  highest  10%  of  the 
population  contains  cells  with  high  ppGpp  levels,  whereas 
the  lowest  10%  contains  cells  with  low  ppGpp.  As  depicted 
in  Figure  5,  cells  with  high  ppGpp  levels  exhibited  statistically 
significant  higher  levels  of  persistence  than  cells  with  low 
ppGpp  levels. 

To  provide  additional  evidence  supporting  the  role  of  ppGpp 
and  SpoT  as  a  persister-generating  metabolic  TA  module,  we 
sought  to  demonstrate  that  high  levels  of  ppGpp  in  excess  of 
its  antitoxin,  SpoT,  produced  bacteriostasis  and  increased 
persistence,  whereas  high-level  expression  of  SpoT  could 
rescue  growth  and  inhibit  persister  formation.  To  do  this,  we 
constructed  two  plasmids  that  enabled  orthogonal  control  of 
RelA'  and  SpoT  expression  with  isopropyl  p-D-1-thiogalacto- 
pyranoside  (IPTG)  and  arabinose,  respectively  (Supplemental 
Experimental  Procedures).  Induction  with  IPTG  in  the  absence 
of  arabinose  with  pBAD-spoT  or  in  the  presence  of  arabinose 
with  the  pBAD-empty  vector  control  produced  bacteriostasis, 
whereas  expression  of  SpoT  with  arabinose  rescued  growth 
(Figure  5G).  Further,  we  demonstrate  that  ppGpp,  in  excess 
of  its  antitoxin,  significantly  increases  persistence  by  over 
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Figure  4.  Carbon  Source  Transitions  Independent  of  Growth  Arrest  Stimulate  Persisters  through  a  ppGpp-Dependent  Pathway 

Cells  were  grown  in  aa-supplemented  minimal  media  and  challenged  with  5  ng/mL  OFL  at  0.02  OD6oo  and  0.20  ODeoo,  representing  growth  on  glucose  and 
growth  after  glucose  exhaustion,  respectively  (except  for  4.5  mM  glucose  sample).  Wild-type  (A)  exhibited  an  increase  in  persisters  after  the  transition  from 
glucose  to  fumarate;  ArelA  (B)  exhibited  a  significantly  reduced  increase  in  persister  formation  compared  to  wild-type  (p  <  0.05);  Are/AAspoT  (C)  and  AdksA  (D) 
strains  exhibited  nearly  no  increase  in  persister  levels  after  glucose  exhaustion  compared  to  wild-type  (p  <  0.05).  Data  are  averages  of  >  three  independent 
experiments,  error  bars  indicate  data  range,  and  significance  was  assessed  using  the  null  hypothesis  that  the  mutant  mean  fold  change  in  persisters  was  equal  to 
the  wild-type  fold  change  in  persisters.  See  also  Figure  S3  and  Table  SI. 


100-fold  (Figure  5H).  These  experiments,  in  conjunction  with  an 
inability  to  remove  the  antitoxin  gene  in  a  genetic  background 
with  the  toxin,  are  commonly  used  to  identify  TA  modules 


(Brown  and  Shaw,  2003;  Christensen-Dalsgaard  et  al.,  2010) 
and  therefore  provide  strong  evidence  that  ppGpp-SpoT 
functions  as  a  TA  module. 
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Figure  5.  ppGpp-SpoT  Biochemical  Network  as  a  Metabolic  TA  Module 

(A)  Within  the  ppGpp  biochemical  network  is  a  double-negative  feedback  loop  (blue).  The  toxin  is  ppGpp  (red)  and  the  antitoxin  is  SpoT  (green). 

(B)  Blue  and  red  curves  are  nullclines  of  equations  SI  5  and  SI  6  (see  Supplemental  Experimental  Procedures).  Phase  space  trajectories  are  shown  in  the  plane 
(SpoT,  ppGpp).  Filled  circles  indicate  stable  steady  states;  open  circle  indicates  an  unstable  steady  state.  The  initial  DksA  concentration  was  5,000  molecules/cell 
for  each  trajectory,  and  parameters  used  are  given  in  Tables  S3  and  S4. 


(legend  continued  on  next  page) 
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ppGpp-Dependent  Persister  Formation  Requires 
Nucleoid  Proteins 

We  sought  to  identify  how  high  ppGpp  levels  led  to  tolerance 
toward  OFL,  an  antibiotic  that  targets  DNA  gyrase  (Maxwell, 
1997).  DNA  gyrase  is  the  sole  enzyme  responsible  for  negative 
supercoiling  of  DNA  (Nollmann  et  al.,  2007),  which  is  important 
for  the  initiation  and  elongation  phases  of  transcription  and 
DNA  replication.  The  bactericidal  activity  of  fluoroquinolones 
has  been  attributed  to  their  ability  to  bind  DNA  gyrase  during 
the  negative  supercoiling  process  and  cause  DNA  double-strand 
breaks  (Maxwell,  1997).  We  reasoned  that  through  inhibition  of 
transcription,  DNA  replication,  and/or  DNA  gyrase  negative 
supercoiling  activity,  tolerance  to  OFL  could  be  achieved.  Inter¬ 
estingly,  ppGpp  inhibits  all  three  of  these  processes.  ppGpp- 
DksA  destabilizes  RNAP-open  complexes  at  promoters  that  tran¬ 
scribe  stable  RNA  and  numerous  proteins  (Potrykus  and  Cashel, 
2008),  ppGpp  has  been  shown  to  inhibit  DNA  replication  through 
an  interaction  with  SeqA  (Ferullo  and  Lovett,  2008),  and  high 
levels  of  ppGpp  lead  to  overall  relaxation  of  the  chromosome, 
an  indicator  of  reduced  DNA  gyrase  activity  (Ferullo  and  Lovett, 
2008).  Given  these  possibilities,  we  sought  to  identify  those  that 
are  important  for  ppGpp-mediated  persister  formation. 

We  note  that  results  presented  in  the  preceding  sections 
involving  DksA  demonstrate  that  the  effect  of  ppGpp  on  tran¬ 
scription  is  required  to  form  OFL  persisters  from  carbon  source 
transitions.  To  determine  whether  the  effect  of  ppGpp  on  DNA 
replication  contributes  to  persister  formation,  we  tested  mutants 
of  CspD,  SeqA,  and  Dam.  CspD  is  a  chromosomal  inhibitor  of 
DNA  replication  that  previously  had  been  implicated  in  bacterial 
persistence  (Kim  and  Wood,  2010),  and  its  deletion  did  not  alter 
persister  formation  (Figure  S5).  SeqA  is  a  protein  that  binds 
hemimethylated  GATC  sites  to  block  initiation  of  DNA  replication 
prior  to  full  methylation  by  Dam  (Brendler  and  Austin,  1999; 
Campbell  and  Kleckner,  1990).  Removing  SeqA  and  Dam  abol¬ 
ishes  stringent  control  of  DNA  replication,  though  the  exact 
mechanism  by  which  this  occurs  remains  unknown  (Ferullo  and 
Lovett,  2008).  Flere  we  found  that  AseqA  significantly  reduced 
persister  formation  in  response  to  glucose-fumarate  transitions 
in  aa-supplemented  media,  whereas  Adam  did  not  alter  persister 
formation  (Figure  S5).  This  was  interesting,  as  ppGpp  replication 
control  was  previously  eliminated  by  both  AseqA  and  A  dam 
(Ferullo  and  Lovett,  2008).  However,  SeqA  has  an  additional 
function  as  a  modulator  of  topoisomerase  activity,  including 
that  of  DNA  gyrase  at  high  concentrations  (Kang  et  al.,  2003). 

Topoisomerases,  including  DNA  gyrase,  work  together  with 
nucleoid-associated  proteins  (NAPs)  to  control  the  degree  of 
chromosomal  negative  supercoiling  (Travers  and  Muskhelishvili, 
2005).  DNA  gyrase  adds  negative  supercoiling,  other  topoiso¬ 


merases  relax  the  chromosome,  and  NAPs  bind  negatively 
supercoiled  DNA  to  various  degrees  and  affinities  (Travers  and 
Muskhelishvili,  2005).  We  note  that  chromosome  relaxation 
occurs  upon  accumulation  of  ppGpp  and  that  this  represents 
DNA  gyrase  inhibition  and/or  increased  activity  of  topoiso¬ 
merases  I,  III,  or  IV  (Ferullo  and  Lovett,  2008).  Since  the  mecha¬ 
nism  of  ppGpp-dependent  chromosome  relaxation  has  not  been 
delineated,  we  tested  if  DNA  gyrase  inhibitors,  SbmC  and  YacG, 
participate  in  the  persister  formation  we  observe.  We  found  that 
in  both  A sbmC  and  A yacG,  persister  formation  was  comparable 
to  and  not  statistically  different  from  that  of  wild-type  (Figure  S5). 
Given  the  role  of  NAPs  in  negative  supercoiling,  we  tested 
mutants  of  the  four  major  NAPs:  FIS,  HNS,  HU,  and  IHF  (Mott 
and  Berger,  2007).  We  found  that  A fis,  \ihfA,  MhfB,  A hupA, 
and  A hupB  all  significantly  attenuated  persister  formation  (Fig¬ 
ure  6).  These  results  demonstrate  that  FIS,  HU,  and  IHF  are  all 
required  for  ppGpp  to  generate  the  majority  of  persisters  formed 
in  response  to  carbon  source  transitions.  We  note  that  persister 
levels  for  A  fis,  \hupA,  and  A  hupB  were  lower  than  wild-type  in 
cultures  at  0.02  OD60o  but  comparable  to  wild-type  in  glucose- 
only  cultures  at  0.20  OD6oo,  where  the  effect  of  carbon  source 
transitions  was  assessed.  In  combination  with  results  from 
AseqA  and  previous  reports  that  the  stringent  response  results 
in  chromosome  relaxation  (Ferullo  and  Lovett,  2008),  these 
data  suggest  that  ppGpp  enables  tolerance  to  OFL,  due  in  part 
to  its  effect  on  the  process  of  negative  supercoiling. 

DISCUSSION 

Many  studies  that  identify  genes  whose  presence  or  absence 
alters  persister  levels  have  been  conducted  on  stationary-phase 
or  biofilm  bacteria  (Hansen  et  al.,  2008;  Luidalepp  et  al.,  2011; 
Nguyen  et  al.,  2011;  Vega  et  al.,  2012),  presumably  because 
that  is  when  persisters  are  in  the  greatest  abundance  (Keren 
et  al.,  2004).  The  realization  that  persisters  form  from  a  multitude 
of  stresses  acting  through  separate  TA  modules  suggests  that 
persister  populations  in  later  growth  stages  are  likely  heteroge¬ 
neous,  containing  distinct  persisters  from  the  various  stresses 
encountered  during  normal  growth  (Allison  et  al.,  2011;  Lewis, 
2010).  Such  complex  samples  would  prove  difficult  to  unravel, 
as  removal  of  a  single  pathway  may  not  significantly  lower  the 
total  persister  population  by  an  amount  that  is  readily  observable. 
To  identify  the  molecular  pathways  responsible  for  persister  for¬ 
mation  from  normal  growth,  native  stresses  should  be  studied  in 
isolation  under  defined  conditions.  Adopting  this  methodology, 
we  identified  the  molecular  mediators  of  a  persister  formation 
cascade  stimulated  by  carbon  source  transitions,  a  stress  that 
is  commonly  present  in  planktonic  and  biofilm  cultures  (Pruss 


(C)  PwrbA-gfp  GFP  distribution  at  0.02  OD60o  and  0.20  OD60o  in  glucose-fumarate  and  glucose  media  with  aa  supplementation. 

(D)  PwrbA-gfp  persister  frequency  of  sorted  cells  relative  to  persister  frequency  in  the  whole  population  was  significantly  increased  in  the  highest  1 0%  compared 
to  the  lowest  10%  of  the  distribution  (p  <  0.05). 

(E)  P osmE-gfp  GFP  distribution  at  0.02  OD60o  and  0.20  OD60o  in  glucose-fumarate  and  glucose  media  with  aa  supplementation. 

(F)  P osmE-gfp  persister  frequency  of  sorted  cells  relative  to  persister  frequency  in  the  whole  population  was  significantly  increased  in  the  highest  1 0%  compared 
to  the  lowest  10%  of  the  distribution  (p  <  0.05). 

(G)  Growth  of  Are/AAspoT  carrying  RelA'  and  SpoT  overexpression  plasmids  under  different  induction  conditions. 

(H)  Cells  were  grown  2  hr  after  RelA'  induction  and  challenged  with  5  |ig/mL  OFL.  Data  are  averages  of  >  three  independent  experiments,  error  bars  indicate  data 
range,  and  significance  was  assessed  using  the  null  hypothesis  that  the  mean  persister  level  relative  to  the  whole  population  in  the  lowest  10%  was  equal  to  the 
mean  persister  level  relative  to  the  whole  population  in  the  highest  10%.  See  also  Figure  S4  and  Tables  S3-S5. 
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Figure  6.  Nucleoid  Proteins  Facilitate  ppGpp-Dependent  Persister  Formation 

(A-E)  Cells  grown  in  aa-supplemented  minimal  media  were  challenged  with  5  ng/mL  OFL  at  0.02  OD60o  and  0.20  OD60o-  Components  of  three  major  NAPs  (A fis 
[A],  A  hupA  [B],  khupB  [C],  AihfA  [D],  A  ihfB  [E])  significantly  reduced  persister  formation  when  compared  to  wild-type  (p  <  0.05).  Data  are  averages  of  >  three 
independent  experiments,  error  bars  indicate  data  range,  and  significance  was  assessed  using  the  null  hypothesis  that  the  mutant  mean  fold  change  in  persisters 
was  equal  to  the  wild-type  fold  change  in  persisters.  See  also  Figure  S5  and  Table  S2. 
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Figure  7.  Model  of  Fluoroquinolone  Persister  Formation  from 
Carbon  Source  Transitions 

Upon  glucose  exhaustion,  cAMP  levels  increase  and  aa  limitation  occurs.  One 
or  both  of  these  events  trigger  the  activation  of  the  ppGpp-SpoT  metabolic  TA 
module.  Increased  ppGpp  leads  to  increased  DksA-dependent  repression  of 
RNAP  activity.  Increased  ppGpp  also  inhibits  DNA  negative  supercoiling, 
which  indicated  inhibition  of  DNA  gyrase.  FIS,  IHF,  HU,  and  SeqA  all  partici¬ 
pate  in  ppGpp-dependent  persister  formation  and  modulate  chromosomal 
negative  supercoiling.  All  components  in  red  increase  within  the  model  of 
persisters,  and  all  components  in  green  decrease  within  the  model.  See  also 
Figure  S6. 

et  al.,  1994;  Sezonov  et  al.,  2007;  Stewart  and  Franklin,  2008). 
This  pathway  explains  a  portion  of  the  persister  heterogeneity 
present  in  later-stage  populations,  but  is  not  the  only  stress  dur¬ 
ing  normal  growth  with  the  capacity  to  form  persisters  (Vega 
et  al.,  2012).  To  add  to  persister  diversity,  we  observed  both  a 
growth-arrest-mediated  pathway  generating  persisters  and  the 
ppGpp-dependent  pathway  studied  here.  These  data  suggest 
not  only  that  native  stresses  can  generate  persisters,  but  also 
that  different  persisters  can  arise  from  the  same  stress. 

The  persister  formation  cascade  identified  here  is  depicted  in 
Figure  7.  The  pathway  is  stimulated  by  glucose  exhaustion  and 
results  in  activation  of  a  metabolic  TA  module  that  is  the  source 
of  bistability  and  the  cause  of  antibiotic  tolerance.  The  OFL  toler¬ 
ance  of  persisters  was  found  to  depend  on  the  ability  of  ppGpp 


to  inhibit  transcription  through  DksA,  as  well  as  the  presence  of 
FIS,  HU,  IHF,  and  SeqA,  all  of  which  participate  in  the  negative 
supercoiling  of  chromosomal  DNA  (Maxwell,  1997).  We  note 
that  while  we  demonstrate  that  exogenous  addition  of  cAMP 
can  lead  to  persister  formation  through  a  ppGpp-dependent 
pathway,  the  involvement  of  cAMP  and  CRP  under  conditions 
of  carbon  source  transition  could  not  be  confirmed  due  to  the 
inability  of  A crp  and  A cyaA  to  grow  past  the  point  of  glucose 
exhaustion.  Since  ppGpp  accumulation  following  diauxie  could 
be  stimulated  by  reduction  in  amino  acids  (Traxier  et  al.,  2006), 
we  indicate  that  both  may  be  involved  in  triggering  persister 
formation.  However,  it  is  worth  noting  that  we  found  that 
cAMP-CRP  activity  and  cAMP-CRP-controlled  RelA  expression 
both  increase  upon  glucose  exhaustion  in  normal  and  persister 
cells  (Figure  S6).  Interestingly,  complementation  of  A dksA  by 
expression  of  dksA  from  its  native  promoter  on  a  plasmid 
restored  wild-type  persister  formation  both  with  and  without 
the  promoter’s  cAMP-CRP  binding  site  (Figure  S6),  demon¬ 
strating  that  cAMP-CRP  control  of  dksA  expression  is  not 
required  for  persister  formation,  which  agrees  with  previous 
studies  citing  that  DksA  levels  remain  constant  over  diverse  con¬ 
ditions  (Chandrangsu  et  al.,  2011).  We  also  note  that  while 
numerous  mediators  of  the  pathways  presented  in  this  study 
have  been  identified,  the  possibility  exists  that  additional  media¬ 
tors,  perhaps  in  combination,  have  yet  to  be  identified. 

Central  to  the  carbon  source  transition  pathway  is  the  ppGpp 
biochemical  network,  which  includes  RelA,  SpoT,  and  DksA.  The 
stringent  response  has  previously  been  identified  as  an  impor¬ 
tant  mediator  of  bacterial  persistence  in  E.  coli,  P.  aeruginosa, 
and  mycobacteria  (Fung  et  al.,  2010;  Hansen  et  al.,  2008;  Korch 
and  Hill,  2006;  Nguyen  et  al.,  201 1 ;  Sureka  et  al.,  2008).  We  add 
to  this  body  of  knowledge  here  by  (1)  elucidating  a  native 
persister  formation  cascade  that  involves  ppGpp,  (2)  demon¬ 
strating  that  ppGpp-SpoT  form  a  metabolic  TA  module  with  the 
capacity  to  generate  bistability  and  persistence,  and  (3)  demon¬ 
strating  that  ppGpp-associated  persistence  in  this  pathway 
requires  its  effect  on  transcription  (through  DksA)  and  the  pro¬ 
teins  FIS,  HU,  IHF,  and  SeqA,  all  of  which  participate  in  chromo¬ 
somal  negative  supercoiling.  Interestingly,  HU  and  IHF  have 
previously  been  implicated  in  the  persistence  phenotype  for  their 
roles  as  transcriptional  regulators,  in  contrast  to  their  roles  as 
modulators  of  chromosomal  negative  supercoiling.  We  note 
here  that  ppGpp-associated  persister  formation  may  depend 
on  both  the  transcriptional  regulatory  and  negative  supercoiling 
activity  of  the  NAPs,  but  the  complexity  of  interactions  between 
the  NAPs  and  ppGpp  makes  it  difficult  to  discern  their  exact  role 
in  this  mechanism  (Travers  and  Muskhelishvili,  2005). 

Here  we  have  presented  a  persister  formation  pathway  in 
response  to  a  native  stress  experienced  by  bacterial  cultures: 
carbon  source  transitions.  Metabolism  controls  the  initiation  of 
this  pathway  (glucose  exhaustion)  as  well  as  the  effector  of 
bistability  and  antibiotic  tolerance  (ppGpp-SpoT).  Due  to  the 
prevalence  of  nutrient  transitions  in  biofilms  (Stewart  and 
Franklin,  2008),  pathways  such  as  the  one  described  here  may 
represent  major  mechanisms  of  persister  formation  in  surface- 
attached  communities.  Further,  we  postulate  that  other  meta¬ 
bolic  transitions  may  stimulate  the  formation  of  persisters  (Grant 
et  al.,  2012)  and  that  the  total  level  of  persisters  in  a  population 
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may  in  fact  be  a  sum  of  those  formed  during  each  transition.  This 
potential  heterogeneity  represents  a  significant  technical  barrier 
to  sterilization  of  any  culture  with  antibiotics,  suggesting  that 
more  knowledge  is  needed  to  quantify  this  heterogeneity  and 
identify  broad-spectrum  methods  to  eliminate  persisters. 

EXPERIMENTAL  PROCEDURES 

Bacterial  Strains,  Plasmids,  and  Culture  Conditions 

Bacterial  strains  and  plasmids  used  in  this  study  are  listed  in  Table  S6,  and 
details  on  their  construction  are  described  in  Tables  S7  and  S8  and  Supple¬ 
mental  Experimental  Procedures.  M9  minimal  medium  was  used  in  all 
experiments.  For  carbon  source  transition  experiments,  0.5  mM  glucose 
plus  24  mM  carbon  of  the  secondary  carbon  source  was  used.  Single  carbon 
source  experiments  contained  27  mM  carbon.  The  aa  supplement  added  to 
specific  experiments  contained  400  ng/mL  serine  and  40  ng/mL  aspartic 
acid,  glutamic  acid,  histidine,  isoleucine,  leucine,  phenylalanine,  threonine, 
and  valine.  This  supplement  was  previously  determined  to  be  the  minimum 
aa  required  to  allow  growth  of  ArelAAspoT  (Potrykus  et  al.,  2011). 

Carbon  Source  Transition  Assay 

Cells  from  — 80°C  stock  were  grown  for  4-5  hr  in  Luria-Bertani  (LB)  medium, 
diluted  1 :1 00  into  1-2  mL  of  10  mM  M9  glucose,  and  grown  overnight  (15  hr) 
at  37°C  and  250  rpm.  Overnight  cultures  were  diluted  to  0.005  OD60o  in 
50  mL  of  M9  medium  in  a  500  mL  baffled  flask  and  cultured  at  37°C  and 
250  rpm.  Persister  measurements  were  taken  prior  to  glucose  exhaustion 
(0.08  OD6oo,  Figure  SI)  at  ~0.02  OD6oo  and  after  glucose  exhaustion  at 
~0.12  OD60o-  For  experiments  with  aa  supplementation,  glucose  exhausted 
at  ~0.14  ODeoo;  therefore,  persister  measurements  were  taken  at  ~0.2 
OD600  (Figure  S3). 

cAMP,  CAM,  and  SHX  Addition  Assays 

Overnight  cultures  were  diluted  to  0.005  OD60o  in  25  mL  of  4.5  mM  M9  glucose 
medium  in  a  250  mL  baffled  flask.  For  each  chemical  treatment,  two  cultures 
were  prepared:  untreated  and  treated.  Cells  were  cultured  at  37°C  and 
250  rpm  to  0.02  OD60o-  Prior  to  addition  of  bacteriostatic  agents  CAM  or 
SHX,  an  aliquot  of  media  was  removed  from  the  culture,  filter  sterilized,  and 
stored  at  37°C.  Cells  were  treated  with  either  sterilized  8  mM  cAMP,  which 
was  previously  shown  to  eliminate  the  diauxic  lag  (Ullmann  and  Monod, 
1968),  1  mg/mL  SHX  (Ferullo  and  Lovett,  2008),  or  50  |ig/mL  CAM  (Korch 
and  Hill,  2006).  For  SHX  and  CAM  treatment,  prior  to  challenging  with  OFL, 
cells  were  washed  with  the  sterilized  media.  Persisters  were  measured  after 
an  additional  2  hr  of  growth  after  chemical  treatment. 

Persistence  Measurements 

Persistence  was  measured  by  determining  the  number  of  colony-forming  units 
(cfu)  after  exposure  to  5  ^ig/mL  OFL  or  200  |ig/mL  AMP.  At  specified  cell 
densities  or  time  points,  500  \iL  aliquots  of  culture  were  removed,  treated 
with  antibiotic,  and  incubated  at  37°C  and  250  rpm.  At  the  designated  time 
point,  samples  were  collected  by  centrifugation  (3  min,  15,000  rpm),  washed 
with  PBS,  serially  diluted  in  PBS,  and  1 0  piL  was  spotted  onto  LB  agar.  Plates 
were  incubated  for  16  hr  at  37°C,  and  cfu  were  measured  to  determine 
persister  counts.  For  each  data  point,  10-100  colonies  were  counted  (Kohan- 
ski  et  al.,  2007). 

Statistical  Analysis 

Statistical  significance  was  assessed  using  two-tailed  t  tests  with  unequal 
variances  after  confirming  the  data  could  be  treated  as  near-normally  distrib¬ 
uted  with  a  larger  sample  data  set  (Supplemental  Experimental  Procedures). 
The  threshold  for  significance  was  set  to  the  p  value  <  0.05  (see  Supplemental 
Experimental  Procedures  for  more  details). 

ppGpp  Biochemical  Network  Kinetic  Model  and  Bistability  Analysis 

The  ppGpp  biochemical  network  was  analyzed  through  the  construction  of 
a  kinetic  model  describing  the  production  and  degradation  of  RelA,  DksA, 
SpoT,  ppGpp,  the  binding  events  of  RNAP  with  ppGpp  and  DksA,  and  the 


effects  of  those  complexes  on  the  expression  of  DksA  and  SpoT,  which  are 
both  stringently  controlled  by  ppGpp  and  DksA.  A  detailed  description  of  the 
model  and  its  analysis  is  provided  in  the  Supplemental  Experimental 
Procedures. 

SUPPLEMENTAL  INFORMATION 

Supplemental  Information  includes  six  figures,  eight  tables,  and  Supplemental 
Experimental  Procedures  and  can  be  found  with  this  article  online  at  http://dx. 
doi.org/1 0.101 6/j.molcel.201 3.04.002. 
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Figure  SI.  Glucose  Consumption,  Diauxic  Growth,  and  Stimulation  of  Ampicillin 
Per  sisters,  Related  to  Figure  1 

(A)Glucose  concentration  and  ODeoo  measurements  were  taken  at  specified  time  points  to 
determine  the  OD6oo  where  glucose  exhausts  in  media  composed  of  0.5mM  glucose  and  24mM 
carbon  from  a  secondary  carbon  source.  Gluconate  and  glucose  are  co-utilized  (Bachi  and 
Komberg,  1975)  so  glucose  exhaustion  occurs  at  a  higher  OD6oo  than  other  secondary  carbon 
sources.  Glucose  concentrations  measured  using  Amplex  Red  Glucose/Glucose  Oxidase  Kit 
(Invitrogen).  (B)  The  OD6oo  of  wild-type  was  measured  at  specified  time  intervals.  One 
exponential  growth  phase  was  observed  for  4.5mM  glucose.  Two  regimes  of  exponential  growth 


2 


were  observed  for  0.5mM  glucose  4mM  fructose  media.  Characteristic  diauxic  growth,  two 
exponential  growth  phases  separated  by  a  lag  phase  was  observed  for  0.5mM  glucose  6mM 
fumarate  media.  (C)  E.  coli  were  grown  on  glucose  and  a  panel  of  secondary  carbon  sources,  and 
at  hourly  time  points,  aliquots  of  culture  were  removed,  challenged  with  200ug/mL  AMP  for  4  h, 
washed,  and  plated  to  measure  CFUs.  To  construct  the  color  plot  as  a  function  of  OD6oo,  values 
plotted  were  interpolated  from  two  adjacent  measurements.  Data  are  averages  of  >  3  independent 
experiments  and  error  bars  indicate  data  range. 


Time  (h) 


Figure  S2.  Effect  of  cAMP  Addition  for  MG1655  in  aa-Supplemented  Media,  Related  to 
Figure  2 

At  an  OD6oo  of  0.02,  all  strains  were  exposed  to  either  8mM  cAMP  or  no  treatment.  After  2  h, 
the  survival  of  the  culture  to  5  ug/mL  OFL  was  measured.  Data  are  averages  of  >  3  independent 
experiments  and  error  bars  indicate  data  range. 
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Figure  S3.  Growth  of  MG1655  in  aa-Supplemented  Media  and  Tests  to  Discern  Certain 
Molecular  Components  of  the  Formation  Pathway,  Related  to  Figure  4 

(A)  The  OD6oo  of  wild-type  was  measured  at  specified  time  intervals.  (B)  GFP  flow  cytometry 
data  for  the  P malK-gfp  cAMP  reporter  in  glucose  and  glucose-fumarate  before  and  after  the 
carbon  transition.  (C)  Wild-type  and  (D)  A crp  transformed  with  control  pUA66  and  P malK-gfp 
reporter  plasmid  were  tested  with  flow  cytometry  to  confirm  reporter  responds  positively  to 
increases  in  cAMP  concentration.  (E)  GFP  flow  cytometry  data  for  the  VsuIA-gfp  SOS  response 
reporter  in  glucose  and  glucose-fumarate  before  and  after  the  carbon  transition.  (F)  Wild-type 
and  (G)  A recA  transfonned  with  control  pUA66  and  P sulA-gfp  reporter  plasmid  were  tested  with 
flow  cytometry  to  confirm  reporter  responds  positively  to  SOS  response  induction  through  DNA 
damage  from  UV  light  exposure.  Cells  for  all  toxin  deletion  strains  tested  were  exposed  to 
5pg/mL  OFL  at  0.02  OD60o  and  0.20  OD6oo- 
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Figure  S4.  Toxin  Deletions  and  Controls  for  ppGpp  Reporters,  Related  to  Figure  5 

Cells  were  grown  in  media  specified  with  AA-  supplementation.  (A)A chpB,  (B)  A hicA,  (C) 
AhigB,  (D)  A  hip  A,  (E)  A  hokE,  (F)  A mazF,  (G)  A  mqsR,  (H)  A  relE,  (I)A symE,  (J)  A  tisAB,  (K) 

A yafO,  (L)  A yafQ,  (M)  A yhaV,  and  (N)  A yoeB  toxins  were  tested.  Due  to  space  considerations, 
we  note  all  persister  levels  in  both  glucose  and  glucose-fumarate  media  at  0.02  OD6oo  were 
-1000  CFU/mL.  All  toxin  deletions  at  0.20  OD6oo  produced  fold-change  increases  in  persisters 
(glucose-fumarate  persisters/glucose-only  persisters)  that  were  quantitatively  comparable  to  and 
statistically  indistinguishable  from  that  of  wild-type  (p-value  >  0.05).  Data  are  averages  of  >  3 
independent  experiments,  error  bars  indicate  data  range,  and  significance  was  assessed  using  the 
null  hypothesis  that  the  mutant  mean  fold-change  in  persisters  was  equal  to  the  wild-type  fold- 
change  in  persisters.  To  determine  if  the  P osmE-gfp  and  P wrbA-gfp  reporters  respond  properly  to 
ppGpp  in  our  experimental  assay  conditons,  these  reporters  along  with  negative  control  pUA66 
were  transformed  into  ArelAAspoT.  (O)  pUA66,  (P)  P osmE-gfp,  and  (Q)  P wrbA-gfp  were 
analyzed  using  flow  cytometry  at  0.02  OD6oo  and  0.20  OD6oo  in  both  glucose  and  glucose- 
fumarate  amino  acid  supplemented  media.  Without  the  cellular  presence  of  ppGpp,  the  GFP 
distribution  does  not  increase  for  V osmE-gfp  and  P wrbA-gfp  in  the  glucose-fumarate  media  after 
glucose  exhaustion  as  observed  in  wild-type  cells  (Figure  5)  confinning  these  plasmids  as  ppGpp 
reporters  in  our  experimental  conditions. 
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CFU/mL  CFU/mL  CFU/mL  CFU/mL  CFU/mL  w  CFU/mL 


A 


1.E+00  ! 

012345012345 


1.E+00  1 

012345  012345 


012345012345 


1.E+00  J - r -  - 

01234501  2345 


1.E+00  1 


012345q  1  2345 


1.E+00  - 

0123450  1  2345 


Time  (h) 


Time  (h) 


m  Adam 

0.5mM  glucose 
6mM  fumarate 
-♦“Adam 

4.5mM  glucose 


AseqA 

0.5mM  glucose 
6mM  fumarate 
A  seqA 

4.5mM  glucose 


— A  cspD 

0.5mM  glucose 
6mM  fumarate 
“ •“*  A  cspD 

4.5mM  glucose 


m  AsbmC 

0.5mM  glucose 
6m  M  fumarate 
•  AsbmC 

4.5mM  glucose 


A yacG 

0.5mM  glucose 
6mM  fumarate 
— A  yacG 

4.5mM  glucose 


■  Ahns 

0.5mM  glucose 
6mM  fumarate 


—*—Ahns 

4.5mM  glucose 


Figure  S5.  Involvement  of  Replication  and  Nucleoid- Associated  Proteins  in  ppGpp- 
Dependent  Mechanism,  Related  to  Figure  6 

Cells  were  grown  in  minimal  media  supplemented  with  AA  and  challenged  with  5pg/mL  OFL  at 
0.02  OD6oo  and  0.20  OD60o,  representing  growth  on  glucose  and  growth  after  glucose  exhaustion, 
respectively.  (A)  A dam,  (C)  A cspD,  (D)  A sbmC,  (E)  A yacG,  and  (F)  Alins  produced  fold-change 
increases  in  persisters  (glucose-fumarate  persisters/glucose-only  persisters)  that  were 
quantitatively  comparable  to  and  statistically  indistinguishable  from  that  of  wild-type  (p-value  > 
0.05).  (B)  AseqA  exhibited  ~  6.8-fold  increase  in  persisters,  which  was  statistically  different  from 
that  of  wild-type  (~20-fold)  (p-value  <  0.05).  Data  are  averages  of  >  3  independent  experiments, 
error  bars  indicate  data  range,  and  significance  was  assessed  using  the  null  hypothesis  that  the 
mutant  mean  fold-change  in  persisters  was  equal  to  the  wild-type  fold-change  in  persisters. 
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A 


B 


P2  relA-gfp 

0.02  ODrqq 


4.5  mM  glucose 


0.20  OD 


600 


Green  Fluorescence 
0.5  mM  glucose  6  mM  fumarate 


1.E+08  0.02  OD600 


C  0  1  2  3  4  5 


0  1  2  3  4  5 


1.E+08 


012345  012345 


AdksA 

0.5mM  glucose 
6mM  fumarate 

AdksA 

4.5mM  glucose 


AdksA  pUA66 
0.5mM  glucose 
6mM  fumarate 

AdksA  pUA66 
4.5mM  glucose 


AdksA  P dksA-dksA 
0.5mM  glucose 
6mM  fumarate 

AdksA  PdksA-dksA 
4.5mM  glucose 


AdksA  P sfsA-sfsA  dksA 
0.5mM  glucose 
6mM  fumarate 

AdksA  PsfsA-sfsA  dksA 
4.5mM  glucose 


Time  (h) 


Time  (h) 
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Figure  S6.  Response  of  RelA  and  DksA  to  cAMP  Increase  during  aa-Supplemented  Carbon 
Source  Transition,  Related  to  Figure  7 

(A)  GFP  flow  cytometry  data  for  the  P 2relA-gfp  reporter  (an  established  cAMP-dependent 
promoter)  in  glucose  and  glucose-fumarate  before  and  after  the  carbon  transition.  A  2-fold 
difference  in  the  mean  of  the  GFP  fluorescence  distribution  was  observed  after  glucose 
exhaustion  in  the  glucose-fumarate  media  compared  to  the  glucose  media.  Complementation  of 
DksA  was  carried  out  in  A dksA.  The  same  persister  levels  were  observed  in  the  AdksA : : kan  strain 
as  (B)  AdksA  without  the  kanamycin  resistance  cassette  and  (C)  AdksA  pUA66.  The  persister 
levels  returned  to  wild-type  levels  when  complemented  with  either  (D)  P dksA-dksA  (no  CRP 
binding  site)  or  (E)  P sfsA-sfsA  dksA  (CRP  binding  site)  confirming  the  importance  of  DksA  in 
the  fonnation  pathway  and  that  cAMP-CRP  transcriptional  activation  of  dksA  is  not  required  for 
persistence.  Data  are  averages  of  >  3  independent  experiments  and  error  bars  indicate  data  range. 
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Table  SI.  Glucose  Concentrations  at  Persister  OD6ooS  in  aa-Supplemented  Media,  Related 


to  Figure  4 


4.5mM  glucose 

0.5mM  glucose  6mM  fumarate 

Bacterial  Strain 

0.02  ODgoo 

0.20  OD600 

0.02  ODgoo 

0.20  OD600 

Wild-type 

3.90  ±0.40 

3.11  ±0.35 

0.41  ±0.02 

Undetectable 

AchpB 

3.95  ±0.28 

2.76  ±  0.20 

0.38  ±0.04 

Undetectable 

AcspD 

4.05  ±0.23 

3.61  ±0.25 

0.42  ±  0.03 

Undetectable 

Adam 

4.46  ±0.02 

3.84  ±0.14 

0.48  ±  0.002 

Undetectable 

AdksA 

3.41  ±0.03 

2.96  ±0.32 

0.45  ±  0.02 

Undetectable 

Afis 

4.43  ±0.15 

3.49  ±0.23 

0.48  ±0.08 

Undetectable 

AhicA 

3.77  ±0.01 

3.20  ±0.02 

0.39  ±0.03 

Undetectable 

AhigB 

3.81  ±0.001 

3.11  ±0.09 

0.37  ±0.02 

Undetectable 

AhipA 

3.64  ±0.46 

2.44  ±  0.04 

0.38  ±0.02 

Undetectable 

Aims 

4.40  ±  .006 

3.96  ±0.37 

0.44  ±  0.02 

Undetectable 

AhokE 

4.49  ±0.04 

3.91  ±0.21 

0.44  ±0.01 

Undetectable 

AhupA 

4.42  ±  0.02 

3.73  ±0.03 

0.41  ±0.004 

Undetectable 

AhupB 

4.39  ±0.25 

3.71  ±0.12 

0.48  ±  0.03 

Undetectable 

AihfA 

4.43  ±0.11 

3.80  ±0.31 

0.44  ±0.01 

Undetectable 

AihfB 

4.43  ±0.15 

3.57  ±0.24 

0.37  ±0.02 

Undetectable 

AmazF 

3.82  ±0.02 

3.03  ±0.16 

0.44  ±  0.03 

Undetectable 

AmqsR 

3.88  ±0.23 

2.87  ±0.45 

0.43  ±  0.02 

Undetectable 

ArelA 

3.25  ±0.18 

2.64  ±  0.03 

0.43  ±  0.002 

Undetectable 

ArelAAspoT 

3.90  ±0.40 

3.21  ±0.51 

0.42  ±  0.03 

Undetectable 

ArelE 

3.21  ±0.08 

2.75  ±0.15 

0.35  ±0.02 

Undetectable 

AsbmC 

4.49  ±0.20 

3.38  ±0.14 

0.41  ±0.02 

Undetectable 

AseqA 

4.35  ±0.02 

3.72  ±0.04 

0.49  ±  0.02 

Undetectable 

AsymE 

4.45  ±0.02 

3.68  ±0.15 

0.49  ±  0.002 

Undetectable 

AtisAB 

3.81  ±0.33 

2.93  ±0.28 

0.41  ±0.04 

Undetectable 

AyacG 

4.28  ±0.11 

3.81  ±0.11 

0.45  ±0.01 

Undetectable 

AyafO 

3.89  ±0.32 

2.87  ±0.05 

0.39  ±0.03 

Undetectable 

AyafQ 

3.74  ±0.03 

2.32  ±0.13 

0.36  ±0.03 

Undetectable 

AyhaV 

3.94  ±0.04 

3.26  ±0.04 

0.38  ±0.04 

Undetectable 

AyoeB 

3.81  ±0.05 

3.14  ±0.01 

0.39  ±0.03 

Undetectable 
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Glucose  concentration  measurements  were  taken  at  each  persister  sampling  OD600  for  all  strains 
in  both  4.5mM  glucose  and  0.5mM  glucose  6mM  fumarate  (both  cultures  with  AA-supplement). 
Measurements  were  made  using  an  Amplex  Red  Glucose/Glucose  Oxidase  Kit  (Invitrogen).  Two 
replicates  were  conducted  for  each  mutant  and  condition;  error  indicates  maximum/minimum 
values. 


13 


Table  S2.  Significance  of  Genetic  Deletions  Analyzed 


Strain 

p-value 

Toxin  Rationale 

A  chpB:  :kan 

0.625 

Ribosome-independent  RNA  interferase  implicated  in  persistence 
(Maisonneuve  et  al.,  2011) 

Ac.s/;D::l<an 

0.818 

DNA  replication  inhibitor  implicated  in  persistence  (Kim  et  al.,  2010;  Kim 
and  Wood,  2010;  Langklotz  and  Narberhaus,  2011) 

Adam::kan 

0.850 

N/A 

AdksAv.kan 

0.046 

N/A 

Afis::kan 

0.041 

N/A 

Ah  ic A:  :kan 

0.597 

Ribosome-independent  RNA  interferase  implicated  in  persistence 
(Maisonneuve  et  al.,  2011) 

AhigB:  :kan 

0.425 

Ribosome-dependent  RNA  interferase  implicated  in  persistence 
(Maisonneuve  et  al.,  2011) 

AhipA:  :kan 

0.181 

TA-module  implicated  in  persistence(Falla  and  Chopra,  1998;  Korch  and 

Hill,  2006;  Moyed  and  Bertrand,  1983) 

A/?/?s::kan 

0.084 

AhokEv.kan 

0.883 

SOS  response  activated  toxin(Pedersen  and  Gerdes,  1999) 

AhupAv.kan 

0.042 

N/A 

AhupBv.kan 

0.047 

N/A 

AihfAv.kan 

0.038 

N/A 

AihfBv.kan 

0.034 

N/A 

AmazF :  :kan 

0.999 

Ribosome-independent  RNA  interferase  implicated  in  persistence 
(Maisonneuve  et  al.,  2011;  Vazquez-Laslop  et  al.,  2006) 

AmqsR:  :kan 

0.749 

Ribosome-independent  RNA  interferase  implicated  in  persistence  (Kim  and 
Wood,  2010;  Maisonneuve  et  al.,  2011;  Shah  et  al.,  2006) 

Are/A  ::kan 

0.046 

N/A 

ArelAAspoT:  :kan 

0.015 

N/A 

ArelE::kan 

0.240 

Ribosome-dependent  RNA  interferase  implicated  in  persistence 
(Christensen-Dalsgaard  et  al.,  2010;  Keren  et  al.,  2004) 

AsbmCwkan 

0.602 

DNA  gyrase  inhibitor  activated  by  SOS  response  and  cAMP-CRP(Baquero  et 
al.,  1995;  Oh  et  al.,  2001) 

AseqAv.kan 

0.040 

N/A 

AsymEwkan 

0.583 

SOS  response  activated  toxin  (Kawano  et  al.,  2007) 

AtisABv.kan 

0.873 

SOS  response  activated  toxin  implicated  in  persistence  (Dorr  et  al.,  2010) 

AycicGwkan 

0.604 

DNA  gyrase  inhibitor(Sengupta  and  Nagaraja,  2008) 

Av«/0::kan 

0.775 

Ribosome-dependent  RNA  interferase  activated  by  SOS  response  and 
implicated  in  persistence  (Courcelle  et  al.,  2001;  Maisonneuve  et  al.,  2011) 

AyafQv.kan 

0.605 

Ribosome-dependent  RNA  interferase  activated  by  SOS  response  and 
implicated  in  persistence  (Courcelle  et  al.,  2001;  Maisonneuve  et  al.,  2011) 

AyhaVwkan 

0.814 

Ribosome-independent  RNA  interferase  implicated  in  persistence 
(Maisonneuve  et  al.,  2011) 

AyoeBv.kan 

0.112 

Ribosome-dependent  RNA  interferase  implicated  in 
persistence(Maisonneuve  et  al.,  2011) 
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The  table  presents  all  genetic  deletions  tested  in  the  carbon  source  transition  assay  along  with  the 
p-value  associated  with  specific  mutant’s  fold-change  increase  in  persisters  compared  to  wild- 
type.  Significance  was  assessed  using  the  null  hypothesis  that  the  mutant  mean  fold-change  in 
persisters  was  equal  to  the  wild-type  fold-change  in  persisters.  For  the  toxins  listed,  the  link  to 
TA-modules,  cAMP,  and  SOS  response  are  provided. 


15 


Table  S3.  Values  for  Parameters  with  Experimental  Evidence,  Related  to  Figure  5 


Parameter 

Description 

Experimental 

Range 

Nominal 

Bistable 

Range 

References 

A 

Transcription  inhibition 
coefficient  for  the 
RNAPDksA  complex 

0.05-1  (non- 
dimensional) 

0.633  (non- 
dimensional) 

[0.529,1] 

(Chandrangsu  et  al.,  2011; 
Lemke  et  al.,  2011) 

B 

Transcription  inhibition 
coefficient  for  the 
RNAPppGpp  complex 

0.25-1  (non- 
dimensional) 

0.6  (non- 
dimensional) 

[0,0.932] 

(Barker  et  al.,  2001; 
Chandrangsu  et  al.,  2011; 
Lemke  et  al.,  2011;  Paul  et 
al.,  2004) 

c 

Transcription  inhibition 
coefficient  for  the 
RNAPDksA.DDGDD  complex 

0.01-0.67  (non- 
dimensional) 

0.01(non- 

dimensional) 

[  0.003, 
0.0112] 

(Barker  et  al.,  2001;  Lemke 
et  al.,  2011;  Paul  et  al., 

2004) 

K-d,DksA 

Concentration  of  DksA 
required  to  reduce  open 
complex  half-life  by 

50%  (apparent  Kd  of 

DksA  to  RNAP) 

30-600 

molecules/cell 

60 

molecules/cell 

(0-92] 

(Lemke  et  al.,  2011; 

Lennon  et  al.,  2009; 
Rutherford  et  al.,  2007) 

K-d,ppGpp,a 

Concentration  of  ppGpp 
required  to  reduce  open 
complex  half-life  by 

50%  (apparent  Kd  of 
ppGpp  to  RNAP) 

600-12000 

molecules/cell 

12,000 

molecules/cell 

[7675,  oo] 

(Paul  et  al.,  2004;  Reddy  et 
al.,  1995) 

K-d,ppGpp 

Concentration  of  ppGpp 
required  to  reduce  open 
complex  half-life  by 

50%  (apparent  Kd  of 
ppGpp  to  RNAPDksA) 

600-1200 

molecules/cell 

1200 

molecules/cell 

[1000, 

1575] 

(Paul  et  al.,  2004) 

k-deg,DksA 

Rate  constant  for  DksA 
protein  degradation 

0.0226  min'1 

0.0226  min’1 

(0,  0.034] 

(Chandrangsu  et  al.,  2011) 

kdeg,SpoT,syn 

Rate  constant  for  SpoT 
synthase  protein 
degradation 

1.5  min"1 

1.5  min'1 

[1.385, 

1.705] 

(Murray  and  Bremer, 

1996) 

kdeg,SpoT,hyd 

Rate  constant  for  SpoT 
hydrolase  protein 
degradation 

0.02  min'1 

0.02  min'1 

[0,  0.22] 

(Alon,  2007;  Murray  and 
Bremer,  1996) 

kdeg,RelA 

Rate  constant  for  RelA 
protein  degradation 

0.02  min"1 

0.02  min'1 

[0.0177, 

0.02151 

(Alon,  2007) 

ATP 

Concentration  of  ATP 

1.8  x  105  -  5.8 
x  106 

molecules/cell 

4.4  x  106 
molecules/cell 

[1.5  x  106, 

oo] 

(Bennett  et  al.,  2009; 
Justesen  et  al.,  1986;  Lasko 
and  Wang,  1996) 

GTP 

Concentration  of  GTP 

4.2  x  10s  -  3.0 
x  106 

molecules/cell 

1.9  x  106 
molecules/cell 

[1.4  x  106, 

1.2  x  107] 

(Albe  et  al.,  1990;  Bennett 
et  al.,  2009;  Justesen  et  al., 
1986) 

Katp 

ATP  Michaelis  constant 
for  RelA  and  SpoT 

2.1  x  10s 
molecules/cell 

2.1  x  10s 
molecules/cell 

[0,  6.1  x 

105] 

(Justesen  et  al.,  1986) 

KGtp 

GTP  Michaelis  constant 
for  RelA  and  SpoT 

3.1  x  10s 
molecules/cell 

3.1  x  10s 
molecules/cell 

[7.8  x  104, 

4.5  x  1 05] 

(Enfors,  2004;  Justesen  et 
al.,  1986) 

KppGpp 

ppGpp  Michaelis 
constant  for  SpoT 

2.9  x  104-  3.3  x 
105 

molecules/cell 

2.9  x  104 
molecules/cell 

[2.1  x  102, 

3.5  x  104] 

(An  et  al.,  1979; 

Heinemeyer  and  Richter, 
1978) 
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This  table  defines  each  parameter  in  the  kinetic  model  with  experimentally  established  values. 
Experimental  ranges/values  for  the  parameter  and  the  parameter’s  nominal  value  applied  to  the 
model  are  presented.  Also,  the  parameter  range  for  bistability  in  the  model  is  provided  which 
was  determined  by  varying  the  parameter  of  interest  while  keeping  all  other  nominal  values 
constant. 
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Table  S4.  Uncertain  Parameters  Estimated  to  Achieve  Physiological  Values  for  RelA,  DksA,  and 
ppGpp  within  the  Model,  Related  to  Figure  5 


Parameter 

Description 

Nominal 

Bistable  Range 

^RelA 

RelA  turnover  number 

1  molecule/cell  min'1 

[0.927,  1.133] 

f^DksA 

DksA  turnover  number 

2000  molecules/cell  min'1 

[1300,  oo] 

PspoT 

SpoT  turnover  number 

450  molecules/cell  min'1 

[395,  490] 

ksyn.RelA 

Rate  constant,  kcat,  for  ppGpp 
synthesis  from  RelA  enzyme 

1150  min'1 

[1070,  1300] 

ksyn.SpoT 

Rate  constant,  kcat,  for  ppGpp 
synthesis  from  SpoT  enzyme 

850  min'1 

[0,  1480] 

/ 

Fraction  of  SpoT  protein 
concentration  as  synthase 

0.5  (non-dimensional) 

[0.481,0.527] 

kdeg, ppGpp 

Rate  constant,  kcat,  for  ppGpp 
degradation  from  SpoT  enzyme 

1 1,250  min'1 

[10,120,  12,050] 

kon.ppGpp 

Rate  constant  for  ppGpp 
binding  to  RNAP-DksA 

10'“  (molecules/cell)'  min' 

[0,  oo] 

kon.DksA 

Rate  constant  for  DksA  binding 
to  RNAP-ppGpp 

10'“  (molecules/cell)'  min' 

[0,  oo] 

The  table  defines  each  parameter  in  the  kinetic  model  where  the  experimental  value  was 
unknown.  The  values  of  these  parameters  were  estimated  to  maintain  the  levels  of  RelA,  DksA, 
and  ppGpp  at  experimentally  detennined  physiological  levels.  The  nominal  value  and  the 
bistable  range  for  the  parameters  are  provided.  Bistable  range  was  determined  by  varying  the 
parameter  of  interest  while  keep  all  other  parameters  at  their  nominal  value  and  assessing 
bistability. 
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Table  S5.  Steady-State  Values  for  Significant  Molecules  in  Model  for  Normal  Cells  and 
Per  sisters,  Related  to  Figure  5 


Stable  Steady  State: 
Normal  Cells 

Stable  Steady  State: 
Persisters 

Physiological  Range 

D  ksAunbound 

8.1  x  103 

1.2  x  103 

- 

SpoT 

54 

8.1 

- 

PpGppUnbound 

8.0  x  I03 

9.8  x  10s 

- 

RNAP 

1.8 

0.1 

- 

RNAPoksA 

240.5 

2.2 

- 

RNAPppQpp 

1.2 

9.1 

- 

RNAP  DksA,ppGpp 

1606.5 

1838.6 

- 

RNAP  total 

1850 

1850 

400-2000(Shepherd  et  ah, 
1980) 

DksAtotal 

9.9  x  103 

3.0  x  103 

3.0  x  103-1.0  x  104(Paul  et  ah, 
2004) 

PpGpptotal 

9.6  x  103 

9.9  x  105 

5.7  x  1 03- 1 .4  x  106(Baracchini 
and  Bremer,  1988;  Murray  and 
Bremer,  1996) 

The  table  presents  the  concentrations  of  all  major  components  in  the  model  at  the  steady  state 
related  to  nonnal  cells  and  the  steady  state  related  to  persistence.  Physiological  ranges  for 
components  provided  when  available. 
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Table  S6.  Bacterial  Strains  and  Plasmids 


Strain 

Genotype 

Source  or  Reference 

MG1655 

F  r  ilvG"  rfb-50  rph-1 

ATCC  700926(Kohanski  et  al„  2007) 

SA001 

MG1655  AchpB:  :kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA002 

MG1655  Acrpv.kan 

This  work 

SA003 

MG1655  A crp 

SA002  cured  of  Kanr  (Datsenko  and  Wanner,  2000) 

SA004 

MG1655  AcspD::kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA005 

MG  165 5  Ad cun  ::kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA006 

MG1655  AdksAv.km 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA007 

MG1655  A dksA 

SA006  cured  of  Kanr  (Datsenko  and  Wanner,  2000) 

SA008 

MG  1655  A/Aiikan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA009 

MG1655  AhicAy.kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA010 

MG1655  AhigB  wkan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA011 

MG1655  AhipAwkan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA012 

MG  1655  Ahnswkan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA013 

MG1655  AhokEy.kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA014 

MG1655  AhupAwkan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA015 

MG1655  AhupBv.kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA016 

MG1655  AihfAv.kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA017 

MG1655  AihfB:  :kan 

This  work 

SA018 

MG1655  AmazFwkan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA019 

MG1655  AmqsR/.kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA020 

MG1655  A recA 

This  work 

SA021 

MG1655  Are/A::kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA022 

MG1655  ArelAAspoTwkan 

This  work 

SA023 

MG1655  ArelAAspoT 

SA022  cured  of  Kanr  (Datsenko  and  Wanner,  2000) 

SA024 

MG  1655  Are/£::kan 

This  work 

SA025 

MG1655  AsbmCv.kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA026 

MG1655  AseqAv.kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA027 

MG1655  AsymEwkan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA028 

MG  1655  AtisABv.kan 

This  work 

SA029 

MG1655  AyacGv.kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA030 

MG1655  AyqfOv.kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA031 

MG1655  AyqfQv.kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA032 

MG1655  Ayha  V:  :kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

SA033 

MG1655  AyoeBv.kan 

PI  Keio  mutant(Baba  et  al.,  2006)  x  MG1655 

Plasmid 

Genotype 

Source  or  Reference 

pBAD33 

Vector,  pACYC  ori,  PBad  arabinose-inducible 

Cmr 

(Guzman  et  al.,  1995) 

pQE80 

Vector,  ColEl  ori,  PT5IPTG-inducible  Ampr 

QIAGEN 

pSAOl 

pBAD33  PBad  spoT  Cmr 

This  work 

pSA02 

pQE80  PT5  relA  ’  Ampr 

This  work 

pUA66 

Vector,  SClOlori,  Kan1.  gfpmuXl  reporter 

(Zaslaver  et  al.,  2006) 

pSA03 

pUA66  VmalK-gfpmutl  Kanr 

This  work 

pSA04 

pUA66  PosmE-gfpmat2  Kan1 

(Zaslaver  et  al.,  2006) 

pSA05 

pUA66  V2relA-gfp\m\t2  Kan1 

This  work 

pSA06 

pUA66  VsulA-gfpmv\\2  Kan1 

(Zaslaver  et  al.,  2006) 

pSA07 

pUA66  VwrhA-gfpmutl  Kanr 

(Zaslaver  et  al.,  2006) 

pSA08 

pUA66  P dksA- dksA  Kanr 

This  work 

pSA09 

pUA66  P sfsA  -sfsA  dksA  Kanr 

This  work 
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Table  S7.  DNA  Primers  for  Datsenko  and  Wanner  Single  Gene  Deletions  and  Plasmid 


Construction 


Datsenko  Wanner  oligonucleotides 

Strain 

Forward 

Reverse 

Ac/y;::kan 

5’- 

5’- 

AGCGGCGTTATCTGGCTCTGGAGAAAGC 

TACCAGGTAACGCGCCACTCCGACGGGATTAA 

TTATAACAGAGGATTAACCGCGCATGGT 

CGAGT  GCCGT  AAACGACT  GACC  AT  AT  GA  ATAT 

GTAGGCTGG  AGCTGCTTCG-3  ’ 

CCTCCTTAGTTCCTATTC-3  ’ 

A//?/B::kan 

5'- 

5'- 

CAGCCGCTTAATTTGCCTTTAAGGAACC 

TCAAGTTTGAGTAAAAAACTTAACCGTAAATA 

GGAGGAATCATGGTGTAGGCTGGAGCT 

GCTTC-3’ 

TTGGCGCGACGGCTGACATGGGAATTAG-3’ 

ArecAv.kan 

5’- 

5’- 

CAACAGAACATATTGACTATCCGGTATT 

AT  GCGACCCTT  GT  GT  AT  C  AAAC  AAGACGATT  A 

ACCCGGCATGACAGGAGT  AAAAATGGT 

AAAAT  CTT  CGTT  AGTTT  CC  AT  AT  GAAT  AT  CCTC 

GTAGGCTGGAGCTGCTTCG-3  ’ 

CTTAGTTCCTATTC-3  ’ 

ArelEwkan 

5’- 

5’- 

GAACGGCTTCGTAATCCTAAGCCAGTAC 

GGTGCGAAACAGAGATGTCATGCTTTGGTTCA 

GTGTGACGCTGGATGAACTCTGATGGTG 

GAGAATGCGTTTGACCGCCATATGAATATCCTC 

TAGGCTGGAGCTGCTTCG-3  ’ 

CTTAGTTCCTATTC-3  ’ 

AspoTwkan 

5’- 

5’- 

CCGTTACCGCTATTGCTGAAGGTCGTCG 

CGT  GC  AT  A  ACGT  GTTGGGTTCAT  A  A  A  AC  ATT  A 

TTAATCACAAAGCGGGTCGCCCTTGGTG 

ATTT  CGGTTT  CGGGT  GACC  AT  AT  GAAT  AT  CCTC 

TAGGCTGGAGCTGCTTCG-3  ’ 

CTTAGTTCCTATTC-3  ’ 

AtisAB::kan 

5’- 

5’- 

GAAACGGGTGGTGGCCGTCAGCGCCTTA 

GCT  CCCCTTTGGTGCGACTT  GAAT  CT  GAATT  AC 

ACCCCGCGTGAGCACACTGTGTTATGGT 

TTCAGGTATTTCAGAACCTATTGCATATCCTCC 

GTAGGCTGGAGCTGCTTCG-3  ’ 

TTAGTTCCTATTC-3  ’ 

Plasmid  construction  oligonucleotides 

P  malK 

5’- 

5’- 

GCGCGGCTCGAGTAGCTGCGTGCACCTG 

GCGCGGGGATCCCCAGGCTTTCGTTACATTTTG 

TTTTTATT-3’ 

-3’ 

P2relA 

5'- 

5'- 

GCGCGGCTCGAGTAGCAAACAATGCCC 

GCGCGGGGATCCCTTCTACACCGACCACACTG 

CATTTTAGC-3' 

G-3’ 

pBAD33  -spoT 

5’- 

5’- 

GCGCGGTCTAGATAGCAGGAGAGGTCG 

GCGCGGAAGCTTTTAATTTCGGTTTCGGGTGA- 

CCCTT  GT  AT  CT  GTTT  GAA-3  ’ 

3’ 

pQE80 -relA  ’ 

5’- 

5’- 

GCGCATGAATTCATTAAAGAGGAGAAG 

GCGCGGAAGCTTTCACAGCTGGTAGGTGAACG- 

AGGACGATGGTTGCGGTA-3’ 

3’ 

V  elks  A  -  dksA 

5'- 

5’- 

GCGCGGCTCGAGTAGCACTATTGTCAGA 

GCGCGGCCTGCAGGTTAGCCAGCCATGTGTTTT 

AGCTCAACAGAG-3’ 

TC-3’ 

P sfsA  -sfsA  dksA 

5’- 

5’- 

GCGCGGCTCGAGTAGCCAATCGTCCGTT 

GCGCGGCCTGCAGGTTAGCCAGCCATGTGTTTT 

TCATCCA-3’ 

TC-3’ 
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Table  S8.  DNA  Primers  to  Confirm  Gene  Deletion  and  Kanamycin  Resistance  Cassette 


Insertion 


Strain 

Upstream  Forward  Primer 

Internal  Forward  Primer 

Internal  Reverse  Primer 

A  chpB:  :kan 

5’- 

5'- 

5'- 

ACTTACAGCCGGGGCAGAG- 

GTGAATTTGAACGGGGAGAC- 

CGCGAT  A A AT A A AC AC ACCT 

3’ 

3’ 

TATTC-3’ 

Acrp::kan 

5’- 

5’- 

5’- 

GG  A  AGC  AT  ATTT  CGGC  A  AT  C 

ACTCTCG  A  AT  GGTTCTTGTCT 

ACGATGGTTTTACCGTGTGC- 

C-3’ 

C-3’ 

3’ 

AcspDv.kan 

5’- 

5’- 

5’- 

TGTCCCCTGTCAAATGCTTG- 

GAAGCATGGAAAAGGGTACT 

GCGACTGCCGCTTCTACTT-3’ 

3’ 

GT-3’ 

Adam::kan 

5'- 

5'- 

5'- 

CAGATGTCCAGGCCAAAAAC- 

AT  GTCTGGTT  G  AGCCTTTT  GT 

CGCCGTTGCTGCTTATACTG- 

3’ 

A-3’ 

3’ 

AdksA::kan 

5’- 

5’- 

5’- 

CGCAAATACGCTTTTCCTCAC 

GGCAAAACCGTAAAACATCG- 

CTGTAATTAGCCAGCCATCT 

-3’ 

3’ 

GT-3’ 

Afis::kan 

5’- 

5’- 

5’- 

GACTTTTATGGTCCGGCAAA- 

GAACAACGCGTAAATTCTGA 

GCGC AT C AC  CGT GAATAATG 

3’ 

C-3’ 

-3’ 

AhicAv.k'an 

5'- 

5’- 

5'- 

CGTAAACATCCTGCCACCTT- 

CGTAAACATCCTGCCACCTT- 

TTAGAGGCGACGCTCAAAG 

3’ 

3’ 

G-3’ 

AhigB:  :kan 

5'- 

5'- 

5’- 

CTTATCCGGCCTACGTTCAG- 

GATAACTCAAAAAGCATTGA 

GTACGATGAACAGCGGTAA 

3’ 

AAGAT-3’ 

AGA-3’ 

AhipAv.kan 

5’- 

5'- 

5’- 

ATTAAGCAGGCGACGATTTC- 

TAGCAAGCCCTTATGCCAGA- 

TCTCAGCACCTTTGCTGTCG- 

3’ 

3’ 

3’ 

Ahnswkan 

5’- 

5'- 

5’- 

CTGCGAAATCATCGGTGTAA- 

CG  A  AGC  ACTT  AAAATTCTGA 

TTGCTT  GAT  CAGGAAATCGT 

3’ 

ACA-3’ 

C-3’ 

AhokEv.kan 

5’- 

5’- 

5'- 

GGAGTGAGAAGTCCGAAACA 

GGAGTGAGAAGTCCGAAACA 

TATTACGTTCCTTCACCGTA 

GG-3’ 

GG-3’ 

AAC-3’ 

AhupAwkan 

5’- 

5’- 

5’- 

TTTAACGCCTGATTTGTCGTA- 

T GC AG AG A A AGC AG  A AC  T GT 

TGGTCTT  C  AGC  A  A  ATCC  ACT  - 

3’ 

CC-3’ 

3’ 

AhupBv.kan 

5’- 

5’- 

5’- 

ACTCTGGCGCTGCAAAATG-3’ 

ATT  GCTT  CCGT  AACT  GAAT  CT 

TGTAACAACACTCCGCTGTA 

CTG-3’ 

GA-3’ 

AihfAv.kan 

5’- 

5’- 

5’- 

GGTATAAGAGCCTCGCCATA 

CTGGTTTTGGTAACTTCGATC 

GAATTTGCCAGACGAACAGT 

AG-3’ 

TG-3’ 

-3’ 

AihfBv.kan 

5'-TGCAGGTTTCGTCCTGTAA- 

5'- 

5’- 

3’ 

GCCAAGACGGTTGAAGATG-3’ 

TCCGCTAATTATGCATACAC 

C-3’ 

AmazF :  :kan 

5’- 

5'- 

5’- 

TAATGCAGGCGCTCAATCTG- 

GTACCCGATATGGGCGATCT- 

GTCAGGTGGAAACCTGTGAC 

3’ 

3’ 

-3’ 

AmqsR::kan 

5’- 

5'- 

5’- 

CGGATGTTTATGTGCCGTTG- 

CACATACACGTTTGAGTCAG 

GGCAAACCGGACATTTCATA 

3’ 

GTTA-3’ 

-3’ 

ArecA 

5’- 

5’- 

5'- 

CTGGTTTGCTTTTGCCACTG- 

TGGAAACCATCTCTACCGGTT 

GACGAACAGAGGCGTAGAA 
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AreL4::kan 


Are/£::kan 


AsbmCvkan 


A.v«/,4  ::kan 


AsymEv.kan 


AspoTy.km 


AtisAB  ::kan 


AvwGTkan 


AyofOwkan 


AyqfQwkan 


AyhaVwkan 


AyoeBv.kan 


TGGCGATGCTGGATATGTTC- 

_ 

5’- 

GCATTAACCTGCGTATTGACG 

A-3’ _ 

5’- 

TTCT  CGCCT  GAGT  GATT ATTT 

CC-3’ _ 

5'- 

CCACAGGGCTGCAACAAATA- 

y_ _ 

5’- 

CACGCCAATCATAACCCACA- 

JT _ 

5’- 

CGCGAAATCGAAGAAGGTCT- 

X _ 

5’- 

TCACAGTTTGCGTTTTGTCC- 

X _ 

5'- 

CCGTAAACAAACCAGCCTGA- 

_ 

5’- 

CCGGTTGCGGTTCTTTCTAA- 

_y _ 

5’- 

TGGTTCGCATAACCCTCACA- 

_ 

5’- 

CT  GGG AG AT  G A AC AGG AGG A 

_ 

5’- 

GAAAGCCGTTGAAGATCATG 

C-3’ 


GGTGTT  GAG  AT  GGT  GG  AG  AT  - 

X _ 

5’- 

C  ACT  A A AGG A AT GGCGAAAG 

_ 

5’- 

GGAGGCGTCATGAACTACGA- 

_T _ 

5’- 

TGCCAGCCACACTAAGCATA 

TC-3' _ 

5'- 

ACTGACACGCATTCTATTGCA 

C-3’ _ 

5’- 

TTTGAAAGCCT  G A AT C A ACTG 

-3’ _ 

5’- 

A  AGC  AC  A  AC  GTTTCTCCTTG  A 

G-3’ _ 

5’- 

TATTACGGTGAATTGCCCAAC 

y _ 

5’- 

TAAGGATGCGGGTATTCAAA- 

_y _ 

5’- 

TGAATACTCGGGACAATATTC 

AAA-3’ _ 

5’- 

A  AT  A  AT  GG  ATTTTCC  AC  A  A  A 

GG-3’ _ 

5'- 

A  A  ACT  A  AT  CTGGTCTGAGGA 
ATCA-3’ 


ATCTCTTCCTGCCACGCAAT- 

jy _ 

5’- 

CTTCCGAGCGTTCTCTTTTCC 

^3; _ 

5’- 

GCCCTGAGATGAATTAGTGA 

TG-3’ _ 

5’- 

GATAGTTCCGCAAACCTTCT 

CA-3’ _ 

5’- 

GCT  GTT  ACGCGACTTT  CT  GT 

T-3’ _ 

5’- 

TACGGATCTGGACCTCAACC 

-3’ _ 

5’- 

GCGGGAGAGGAATCTATCA 

C-3’ _ 

5’- 

TGTAGGTCGGATAAGGCGTT 

C-3’ _ 

5’- 

CGCCAGGCTGATAGTTTCTT 

A-3’ _ 

5’- 

GGAAGGCTCACATTATCACC 

AA-3’ _ 

5’- 

TGGGTTTCTTCTGTTTCTCG- 

_y _ 

5’- 

CGTATCAAAACTGACAATTC 

ATTC-3’ 


Supplemental  Experimental  Procedures 


Genetic  Perturbations 

Genetic  deletions  were  either  generated  using  the  method  of  Datsenko  and  Wanner 
(Datsenko  and  Wanner,  2000)  or  transduced  from  the  Keio  collection  (Baba  et  ah,  2006)  using 
the  standard  PI  phage  method.  The  kanamycin  resistance  marker  was  removed  from  specified 
strains  by  FLP  recombinase.  The  primers  used  for  those  genes  deleted  using  the  Datsenko  and 
Wanner  method  are  presented  in  Table  S7.  To  generate  the  Are!AAspoT::kan  strain,  the 
kanamycin  resistance  cassette  was  removed  by  FLP  recombinase  from  the  ArelAwkan  MG1655 
strain  (SA021),  and  then  spoT  was  deleted  using  the  method  of  Datsenko  and  Wanner  (Datsenko 
and  Wanner,  2000).  All  gene  deletions  were  confirmed  using  PCR  and  two  sets  of  primers 
(Table  S8).  One  set  confirmed  the  presence  of  the  kanamycin  resistance  cassette  in  the  proper 
chromosomal  location  using  a  forward  primer  upstream  of  the  intended  insertion  site  and  a 
kanamycin  resistance  cassette  reverse  primer,  5’-  ATGATGGATACTTTCTCGGCAGGAG-3’. 
The  second  set  confirmed  the  absence  of  a  duplicate  gene,  and  contained  primers  within  the  gene 
of  interest.  Separate  colonies  were  used  for  each  of  three  replicate  experiments. 

Plasmid  Constructions 

Plasmids  pSA03  containing  the  malK  promoter  and  pSA05  containing  the  cAMP 
dependent  relA  P2  promoter  (Nakagawa  et  ah,  2006)  were  constructed  by  cloning  the  proper 
promoters  from  the  MG  1655  chromosome  into  the  XhoI/BamHI  sites  of  vector  pUA66  using 
primers  defined  in  Table  S7.  The  plasmids  pSA04,  osmE  promoter,  pSA06,  sulA  promoter,  and 
pAS07,  wrbA  promoter  were  taken  from  a  commercial  library  (Zaslaver  et  ah,  2006). 
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The  pSAOl  pBAD33-5/?oT plasmid  was  constructed  by  cloning  the  spoT  gene  from  the 
MG  165  5  chromosome  into  the  Xbal/Hindlll  site  of  vector  pBAD33  using  primers  defined  in 
Table  S7.  The  pSA02  pQE80 -relA'  plasmid  was  constructed  by  cloning  the  55-kD  truncated  relA 
gene  described  previously  (Schreiber  et  ah,  1991)  from  the  MG1655  chromosome  into  the 
EcoRI/Hindlll  site  of  vector  pQE80  using  primers  defined  in  Table  S7.  The  relA  ’  open  reading 
frame  was  chosen  to  overexpress  functional  RelA  protein  without  association  to  the  ribosome 
(Schreiber  et  ah,  1991).  Plasmids  pSAOl  and  pSA02  used  to  overexpress  SpoT  and  RelA’ 
respectively  were  transformed  into  MG1655  krelAlSspoT  (SA023)  so  the  strain  possessed  both 
plasmids.  The  control  strain  was  MG1655  /SrelAlSspoT  with  the  empty  pBAD33  vector  and 
pSA02. 

For  complementation,  the  dksA  locus  was  cloned  into  the  pUA66  vector.  To  assess  the 
importance  of  the  cAMP-CRP  transcriptional  regulation  for  DksA’s  involvement  in  persistence, 
two  complementation  plasmids  were  constructed,  one  containing  the  cAMP-CRP  binding  site 
upstream  of  the  sfsA  promoter  and  one  lacking  the  cAMP-CRP  binding  using  the  elks  A  specific 
promoter.  Plasmids  pSA08  (PsfsA)  and  pSA09  (PdksA)  were  constructed  by  cloning  the  dksA 
locus  with  the  designated  promoter  and  transcriptional  regulation  into  the  Xhol/Sbfl  sites  of  the 
pUA66  vector  using  primers  specified  in  Table  S7. 

Statistical  Analysis  for  Genetic  Mutants 

To  determine  which  two-carbon  media,  chemical  treatments,  and  genetic  deletions  were 
significant  to  persister  formation,  the  5h  persister  measurements  were  used.  This  data  point  was 
selected  since  the  cultures  were  in  the  second  regime  of  biphasic  killing,  where  only  persisters 
are  capable  of  generating  a  CFE1  (Lewis,  2010).  To  detennine  if  a  genetic  deletion  was 
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significant  to  the  persister  formation  pathway  the  fold-change,  defined  as  the  ratio  of  persisters  in 
glucose-fumarate  media  to  persisters  in  glucose  media,  was  calculated  for  the  5h  time  point  for 
both  the  genetic  mutant  and  the  wild-type  culture  ran  during  that  assay  as  a  control. 


The  CFU  method  was  first  tested  to  confirm  that  the  data  can  be  treated  as  normally 
distributed.  Since  wild-type  samples  were  run  in  parallel  every  time  deletion  mutants  were 
tested,  3 1  CFU  measurements  were  available  for  wild-type  in  AA-supplemented  media.  The 
normality  of  these  data  along  with  their  fold-change  values,  glucose-fumarate  persisters/glucose- 
only  persisters,  was  assessed  using  the  Anderson-Darling  and  Shapiro-Wilk  tests.  Both  the 
CFU/mL  values  and  fold-change  values  after  5  h  OFL  treatment  were  considered  normally 
distributed  by  both  tests.  The  normality  plots  of  the  two  datasets  are  shown  below. 


A 


Normal  Probability  Plot 


B 


Normality  plot  for  large  dataset.  (A)  Dataset  for  wild-type  persisters  at  5h  OFL  treatment  in 
glucose-fumarate  AA  supplemented  media  and  (B)  the  fold-change  for  wild-type  persisters  at  5hr 
OFL  treatment  after  the  carbon  source  transition  demonstrate  near-normality 


After  confirming  the  data  can  be  considered  near-normally  distributed,  2-tailed  t-tests 

with  unequal  variances  were  used  to  assess  statistical  significance  due  to  a  small  sample  size 
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(n=3).  Statistical  significance  was  assessed  in  three  ways,  1)  a  t-test  was  perfonned  on  CFU/mL 
measurements  obtained  after  5  h  of  OFL  treatment  using  the  null  hypothesis  that  the  means  of 
both  samples  were  equal,  2)  a  t-test  was  performed  on  fold-change  measurements,  (CFU/mL 
glucose-fumarate/CFU/mL  glucose-only),  between  deletion  mutants  and  wild-type  samples  using 
the  null  hypothesis  that  the  mean  of  the  mutant  fold-change  was  equal  to  the  wild-type  fold- 
change,  and  3)  a  t-test  was  performed  on  persister  frequency  relative  to  the  whole  population  for 
the  highest  and  lowest  10%  for  FACS  using  the  null  hypothesis  that  the  mean  persister  level 
relative  to  the  whole  population  in  the  lowest  10%  was  equal  to  the  mean  persister  level  relative 
to  the  whole  population  in  the  highest  10%.  For  each  test,  if  the  p-value  <  0.05,  the  null 
hypothesis  was  rejected.  Table  S2  displays  the  p-values  for  all  gene  deletions  tested. 

Transcriptional  Reporter  Experiments 

Flow  Cytometry 

All  strains  including  controls  were  analyzed  by  LSRII  (BD  Biosciences,  San  Jose,  CA) 
flow  cytometer  before  sorting.  Microorganisms  were  determined  using  forward  and  side  scatter 
parameters  (FSC  and  SSC).  The  bacteria  were  assayed  with  a  laser  emitting  at  488nm  for  green 
proteins,  and  green  fluorescence  was  collected  by  525/50  bandpass  filter.  Data  were  acquired  and 
analyzed  using  FACSDiVa  software  (BD  Biosciences,  San  Jose,  CA).  The  control  experiments 
and  their  results  are  explained  below. 

ppGpp  Reporter  Control 

The  osmE  and  wrbA  promoters  were  selected  as  transcriptional  reporters  for  ppGpp.  In 
addition  to  previous  experimental  evidence  that  these  promoters  respond  positively  to  increases 


27 


in  ppGpp  levels  (Durfee  et  al.,  2008;  Traxler  et  al.,  2011),  the  responses  of  these  promoters  to 
increases  in  ppGpp  levels  in  our  experimental  conditions  were  tested  to  assure  the  reporters 
responded  to  the  proper  stimuli.  Plasmids  pUA66  (promoterless)  as  a  negative  control,  pSA04 
(osmE),  and  pSA07  ( wrbA )  were  individually  transformed  into  MG  1655  A relAAspoT  (SA019). 
Kanamycin  (50pg/mL)  was  present  during  growth  to  retain  the  plasmid  in  the  cell.  Cells  were 
prepared  as  described  in  the  Experimental  Procedures  (main  text)  under  carbon  source  transition 
assay.  At  0.02  OD6oo  (before  glucose  exhaustion)  and  at  0.20  OD6oo  (after  glucose  exhaustion), 
cells  were  collected,  washed  in  IX  PBS,  and  diluted  to  approximately  106  cells/mL.  Samples 
were  then  analyzed  by  LSRII  flow  cytometry  as  described  above. 

cAMP  Reporter  Control 

The  malK  promoter  was  selected  as  a  cAMP  transcriptional  reporter  since  this  promoter 
contains  multiple  cAMP-CRP  binding  sites  that  activate  transcription  (Raibaud,  1989;  Raibaud  et 
al.,  1989;  Vidal-Ingigliardi  and  Raibaud,  1991).  The  reporter  was  tested  for  its  ability  to  respond 
to  cAMP  levels.  Plasmid  pUA66  (promoterless)  as  a  negative  control  and  pSA03  ( malK)  were 
individually  transfonned  into  MG1655  and  MG1655  Acrp  (SA003).  Kanamycin  (50pg/mL)  was 
present  during  growth  for  plasmid  retention.  Cells  were  prepared  as  described  in  the 
Experimental  Procedures  (main  text).  At  0.02  OD6oo,  cultures  were  treated  with  filter  sterilized 
cAMP  to  a  final  concentration  of  8mM.  Cells  were  collected  prior  to  cAMP  addition  as  a 
reference  state  and  at  1  h  after  cAMP  addition.  Cells  were  washed  in  IX  PBS  and  analyzed  by 
LSRII  flow  cytometry  as  described  above.  Once  the  reporter  was  confirmed  to  respond  to  the 
proper  cAMP  stimuli,  MG  165 5  pSA03  was  grown  in  the  carbon  source  transition  assay 
conditions  and  FACS  was  conducted  as  described  below.  The  GFP  distributions  are  presented  in 


28 


Figure  S3  (B).  The  persister  levels  were  evenly  distributed  throughout  the  population,  and  not 
statistically  different  between  the  lowest  and  highest  10%  quantile. 

SOS  Response  Reporter  Control 

The  sulA  promoter  was  selected  as  an  SOS  response  transcriptional  reporter  as  chosen 
previously  (Dorr  et  ah,  2010).  The  reporter  was  tested  for  its  ability  to  respond  to  SOS  response 
induction  through  DNA  damage.  Plasmids  pUA66  (promoterless)  as  a  negative  control  and 
pSA06  ( sulA )  were  individually  transformed  into  MG  1655  and  MG  1655  A recA  (SA020). 
Kanamycin  (50pg/mL)  was  present  during  growth  to  retain  the  plasmid  in  the  cell.  Overnight 
cultures  were  prepared  as  described  in  Experimental  Procedures  (main  text).  Cells  from  the 
overnight  culture  were  diluted  to  an  OD6oo  of  0.005  in  25mL  of  4.5mM  M9  glucose  medium  in  a 
250mL  baffled  flask  and  cultured  in  a  shaker  at  37°C  and  250rpm  to  an  OD600  of  0.02.  Cells 
were  then  exposed  to  254  mn  ultraviolet  (UV)  light  for  30s  in  a  biological  safety  cabinet 
(Labconco  Class  II,  Type  A2  Biosafety  Cabinets,  Kansas  City,  MO).  Cells  were  collected  prior 
to  UV  exposure  as  a  reference  state  and  at  1  h  after  UV  exposure.  All  samples  were  washed  in 
IX  PBS  and  analyzed  by  LSRII  flow  cytometry  as  described  above.  Once  the  reporter  was 
confirmed  to  respond  to  the  proper  DNA  damage  stimuli,  MG  1655  pSA06  was  grown  in  the 
carbon  source  transition  assay  conditions  and  FACS  was  conducted  as  described  below.  The 
GFP  distributions  are  presented  in  Figure  S3  (E).  The  persister  levels  were  evenly  distributed 
throughout  the  population,  and  not  statistically  different  between  the  lowest  and  highest  10% 
quantile. 
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Cell  Sorting  and  Persister  Assay 


Cells  were  sorted  using  Reflection  (Sony-iCyt  Mission  Technology,  Champaign,  IL)  cell 
sorter  at  30psi  with  a  70micron  nozzle.  Microorganisms  were  detennined  by  forward  and  side 
scatter  parameters  (FSC  and  SSC),  and  physiologically  distinct  subpopulations  were  identified 
using  a  488nm  excitation  laser  and  525/50  bandpass  filter.  The  gates  of  subpopulations  were 
determined  by  analyzing  wild  type  cells  with/without  promoterless  pUA66  plasmids  (negative 
control)  and  strains  including  plasmids  with  GFP.  The  sheath  fluid  used  in  the  sorter  was  IX 
PBS. 

Cells  were  collected  prior  to  glucose  exhaustion  (0.02  OD6oo)  and  after  glucose 
exhaustion  (0.20  OD6oo)  in  AA-supplemented  media  and  were  diluted  in  filter-sterilized  culture 
media  taken  at  sampling  time  to  obtain  approximately  106cells/mL.  Cells  taken  from  glucose- 
fumarate  media  at  0.20  OD6oo  were  segregated  into  the  lowest  and  highest  10%  quantiles  based 
on  the  GFP  signal.  Approximately  5x10s  cells  for  each  quantile  collected  were  sorted  in  0.5  mL 
PBS,  mixed  1:1  with  filter-sterilized  culture  medium  to  decrease  the  effect  of  medium- 
composition  on  persistence,  treated  with  5  pg/mL  OFL,  and  incubated  at  37  °C  and  250  rpm. 
After  5h  OFL  treatment,  cells  were  collected  by  centrifugation  (3  minutes,  15000  rpm),  washed 
with  PBS,  resuspended  in  1 00  pL  PBS,  and  lOpL  of  samples  were  serially  diluted  in  PBS  and 
plated  on  LB  agar  to  incubate  for  16  hours  at  37  °C  for  CFU  counts.  The  remaining  90  pL  were 
also  plated  on  LB  agar  in  case  CFU  counts  from  10  pL  samples  might  be  under  the  limit  of 
detection. 
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DksA  Complementation  Assay 


Plasmids  pUA66  (promoterless),  pSA08,  and  pSA09  were  individually  transfonned  into 
MG1655  A dksA  (SA007).  The  carbon  source  transition  assay  was  performed  using  MG1655, 
MG1655  A  dksA::kan,  MG1655  A  dksA  (control  for  curing  out  kanamycin),  MG1655  A  dksA 
pUA66  (empty  vector  control),  MG  1655  tAdksA  pSA08,  and  MG  1655  tsdksA  pSA09  for 
complementation  as  described  in  the  Experimental  Procedures  (main  text). 

RelA-SpoT  Overexpression 

Overnight  cultures  of  MG  1655  HsrelANspoT  pSAOl  pSA02  grown  with  I  OOug/mL  AMP 
and  50pg/mL  CAM  for  selection  were  diluted  to  0.005  OD6oo  in  25mL  of  4.5mM  M9  glucose 
medium  supplemented  with  AA  in  a  250mL  baffled  flask.  When  indicated,  induction  of  Pbad 
was  performed  with  2%  arabinose  at  the  time  of  inoculation.  Cells  were  cultured  in  a  shaker  at 
37°C  and  250rpm  to  0.02  OD6oo,  at  which  time  50pM  IPTG  was  added  to  cultures  if  indicated  to 
activate  the  Pts  promoter.  Growth  was  monitored  by  measuring  OD6oo-  Persister  measurements 
were  taken  2  h  post  IPTG  induction.  Cells  were  plated  on  LB  agar  with  2%  arabinose  to  facilitate 
growth  of  cells  inhibited  by  RelA’. 

ppGpp  Biochemical  Network  Kinetic  Model 

Model  Construction 

The  ppGpp  biochemical  network  is  presented  mathematically  as  a  system  of  ordinary 
differential  equations  describing  changes  in  the  concentration  of  RelA,  DksA,  SpoT,  ppGpp,  and 
all  four  RNAP  forms  over  time  (Eqns.  S1-S8). 
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d[RelA ] 
dt 


=  (3RelARNAPactm,  - kMIA[RelA ]  (SI) 


=  PDksARNAPaa 


d[DksA] 
dt 

+  k0ff  .RNAPDksA.RNAPDksA  ]  —  k, 


activity  'vdeg  ,DksA 


[DksA\  -  k0„mAPDksA[DksA\  [RNAP] 


DksA  J  on, RNAP  DksA 


[DksA]  [RNAP  G  ]  +  kt 


ppGpp  J  1  off  ,RNAPDksA 


[RNAPl 


DksA, ppGpp  -I 


(S2) 


dlSPdf]  =  fiwBNAP'*W  ~  kfeg.SpoT,h>d  (!  -  OlSpoT]-  kWvJ\SpoT]  (S3) 


djppGpp] 

dt 


v  syn,  Re  l A 


[RelA][GTP][ATP] 


^  syn,SpoT 


f[SpoT][GTP][ATP ] 


[ATP][GTP]  +  Katp[GTP]  +  Kgtp[ATP ]  [ ATP][GTP ]  +  i^rP[Gr/>]  + 


k da, PpGPP  0  -  f)[SpoT][ ppGpp] 


^  on ,  RNAPppGpp  ,a  [ppGpp  ][RNAP] 


[ppGpp]  +  K  ppGpp 

^  off , RNAPppGpp  ,a  [™ APPPopp ]  ^  on ,  RNAPppGpp  [ppGpp  ]  [RNAP DksA  ]  + 

k off RNAPppGpp  [RNAPDhA 

, ppGpp  1  (S4) 


rf[™P1  =  [Cfe4][fflV4P]  +  kqf„APDbl  [RNAPDbp  ] 

—  k on,  RNAPppGpp,  a  [ppGpp][RNAP]  +  k  RNAPppGpp  a  [RNAPppGpp  ] 


(S5) 


d[RNAPnnCnn  ] 

- k on ,rnapppgpp ,a  [ppGpp][RNAP]  -  k  off  mAPppGpp  a  [RNAPppGpp  ]  (S6) 

_  k  on, RNAP  DksA  [RNAPppGpp  ][DksA]  + 

^  off ,  RNAP  DksA  [RNAPDksA 

, ppGpp  ] 

d[RNA^DksA]  =  ^  °n ,  rnap DksA  [DksA  ][RNAP  ]  -  koffmhA  [RNAPDksA  ] 

~  k on , RNAPppGpp  [ PNAP DksA  ][ ppGpp  ]  +  k mAPppGpp  [RNAP DksA  ppGpp  ] 


=  kon  RNAPDhlDksA\[RNAPppCJ  -  KAJmAPDk,lRNAPDlsitrGpp} 

dt  (S8) 

+  Kn,RNAPPPGplRNAPDksA^PPGpp\  ~  Kff  ^APppGpjL^^^^DksA,  ppGpp\ 
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The  concentration  of  RelA  is  denoted  by  [RelA],  the  concentration  of  DksA  is  denoted  by 
[DksA],  the  concentration  of  SpoT  is  denoted  by  [SpoT],  the  concentration  of  ppGpp  is  denoted 
by  [ppGpp],  the  concentration  of  free  RNAP  is  denoted  by  [RNAP],  the  concentration  of  RNAP 
bound  by  ppGpp  is  denoted  by  [RNAPPPGpp],  the  concentration  of  RNAP  bound  by  DksA  is 
denoted  by  [RNAPdicsaL  ar|d  the  concentration  of  RNAP  bound  with  both  DksA  and  ppGpp  is 
denoted  by  [RNAPDkSA,ppGpp]-  Definitions  of  all  other  parameters  are  presented  in  Table  S3  and 
Table  S4. 


The  turnover  numbers,  P,  for  each  protein  described  in  the  model  are  combined 
parameters  encompassing  transcription  and  translation  rates  assuming  mRNA  production  is  at 
steady  state. 


d[mRNA\ 

dt 


=  k transcription  ~  ^deg ,mRNA  [mRNA]  =  0  (S9.a) 


[mRNA]  = 


transcription 


1  deg, mRNA 


(S9.b) 


Where  [mRNA]  is  the  concentration  of  mRNA,  ktranScription  is  the  rate  constant  for  transcription  of 
the  gene  of  interest,  and  kdeg,mRNA  is  the  rate  constant  for  mRNA  degradation.  Therefore,  the 
steady  state  value  of  mRNA  (Eqn.  S9.b)  can  be  applied  to  the  equation  describing  protein 
production  (Eqn.  S9.c). 
d[  protein] 


k  k 

i  r  njr  i  r  .  .  -i  ^  translation^  transcription  »  r  .  .  n 

dt  =  k translation  [mRNA]  -  A'dcg,/)ro,(:„„  [protein]  = - - - kdeg.protein  [protein]  ^S9  ^ 


^  deg,  mRNA 


protein  ^  deg,  protein 


[protein] 


P 


protein 


^ translation  ^ transcription 


1  deg, mRNA 


(S9.d) 
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Where  [protein]  is  the  concentration  of  the  protein  of  interest,  ktransiation  is  the  rate  constant  for 
translation,  kdeg,Protein  is  the  rate  constant  for  protein  degradation,  and  Pprotein  is  defined  as  the 
turnover  number  for  the  protein  of  interest. 


The  repression  of  DksA  and  SpoT  expression  by  DksA  and  ppGpp  is  achieved  by 
modulating  the  turnover  number  for  the  protein  by  a  factor  RNAPactivity,  since  different  RNAP 


complexes  have  different  affinities  to  the  promoter  and,  therefore,  alter  k 


transcription 


.  The 


RNAPactivity  is  defined  as  the  ratio  of  RNAP  complexes  transcriptionally  active  versus  total 
RNAP. 

RNAp  =  R*APactive  =  [RNAP]  +  a[RNAPDks4  ]  +  b[RNAPppGpp  ]  +  c[RNAPD^ppGpp  ] 

RNAPtolal  [RNAP]  +  [RNAPDksA  ]  +  [RNAPppGpp  ]  +  [RNAPDksAppGpp  ] 

The  four  different  forms  of  RNAP,  free  RNAP,  RNAPPPGpp,  RNAPDksA,  and  RNAPoksA.ppGpp  each 
have  their  own  transcription  activity,  which  corresponds  to  its  binding  affinity  to  promoters.  We 
assume  free  RNAP  is  fully  active,  while  other  complexes’  transcriptional  activity  is  modulated 
by  the  coefficients  a,  b,  or  c.  Calculation  of  the  inhibition  coefficients  is  described  below.  We 
assume  the  relA  promoter  is  not  stringently  controlled  so  that  for  Eqn.  SI,  RNAPactivity=l  (/•  e. 
a=b=c=l). 

The  SpoT  protein  can  act  as  either  a  synthase  or  a  hydrolase  but  cannot  have  both 
functionalities  simultaneously.  It  is  unknown  what  causes  the  protein  to  possess  one  functionality 
versus  the  other  (Murray  and  Bremer,  1996)  so  the  parameter/ was  used  to  quantify  the  fraction 
of  SpoT  protein  acting  as  a  ppGpp  synthase.  It  is  assumed  that  the  SpoT  synthase  and  hydrolase 
enzyme  have  different  degradation  rates  since  the  synthase  is  considered  unstable  while  the 


hydrolase  is  considered  stable  (Murray  and  Bremer,  1996;  Richter  et  ah,  1979). 
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The  product  of  RelA  and  SpoT  synthases  using  ATP  and  GTP  as  substrates  is  guanosine 
pentaphosphate  (pppGpp).  This  nucleotide  is  hydrolyzed  to  ppGpp  by  the  Gpp  enzyme 
(Somerville  and  Ahmed,  1979).  We  assume  (p)ppGpp  to  be  collectively  termed  ppGpp  for  all 
analyses.  Two  substrate  Michaelis  Menten  enzyme  kinetics  was  assumed  for  ppGpp  synthesis  by 
RelA  and  SpoT.  Since  no  mechanism  for  this  enzymatic  reaction  is  known,  we  applied  the  two 
most  common  bi-substrate  enzymatic  mechanisms,  ping-pong  and  sequential.  The  mechanism 
used  in  Eqn.  S4  and  for  all  model  simulations  was  ping-pong  (Splittgerber,  1983).  The  kinetic 
expression  for  a  sequential  mechanism  was  tested  and  did  not  alter  results.  The  ATP  and  GTP 
Michealis  constants  for  SpoT  synthase  are  unknown  and  therefore  assumed  to  be  the  same  as 
those  for  RelA  synthase  since  the  two  proteins  have  a  very  high  sequence  homology  (Murray  and 
Bremer,  1996).  ppGpp  degradation  was  described  by  single  substrate  Michaelis  Menten  kinetics. 


To  simplify  the  kinetic  model  for  bistability  analysis,  we  assumed  all  binding  events 
involving  ppGpp,  DksA,  and  RNAP  rapidly  approached  equilibrium.  With  this  assumption,  the 
rate  of  ppGpp/DksA  binding  to  RNAP  is  equal  to  the  rate  of  ppGpp/DksA  unbinding  to  RNAP. 

RNAP  +  DksA <  Kd-DhA  >RNAPDksA  (Sll.a) 


kon,RNAPDksAVRNAP  }[DksA\  =  k 


[RNAPDksA]  (SI l.b) 


off , RNAPDksA  t-  DksA 


rpA  TAD  I  _  ^  on, RNAPDksA  [RNA  P]  [  D/v.sA  ]  _  [RNAP][DksA] 
[RNAPDksA  \  -  -  ^  (Mi.c) 


v  off , RNAPDksA 


K 


d  .DksA 


RNAP  +  ppGpp  <  >  RNAP  G  (S  12.a) 


v  on,RNAPppGpp  ,a 


[RNAP}  [  ppGpp  ]  =  kt 


off  ,RNAPppGpp  ,a  L ^  ppGpp 


[RNAP  G  ]  (S12.b) 
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Where  kon,DksA  and  k0ff,oksA  are  the  binding  and  dissociating  rate  constants  for  DksA  to  RNAP  or 
RNAPppGpp,  kon,ppGpp,a  and  k0ir.pp(,pp,a  are  the  binding  and  dissociating  rate  constants  for  ppGpp  to 
RNAP,  kon  ppGpp  and  k0ffjPpGpp  are  the  binding  and  dissociating  rate  constants  for  ppGpp  to 

RNAPoksA,  and  the  dissociation  constant  for  each  binding  event  is  defined  as  k  =  lNf_  .  These 

d  k 

Kon 

terms  for  the  various  RNAP  complexes  were  applied  to  Eqn.  S10. 

The  three  simplified  equations  shown  below  were  ultimately  applied  to  the  model  for 
bistability  analysis. 


cl[DksA  ] 
dt 


=  (3 r)ksA  RNAP activity  -  kAeg  DksA  [DksA  ]  (S14) 
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d[pPGpp]  _  ksyn^,A[RelA][GTP][ATP]  |  k syn^poT  f[SpoT][GTP][ATP] 
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Bistability  analysis  was  performed  by  initially  solving  for  the  steady-state  concentration 
of  DksA  in  terms  of  ppGpp  by  setting  Eqn.  S14  equal  to  zero.  This  expression  for  DksA  was 
applied  to  Eqn.  SI 5,  which  reduced  the  system  to  two  ordinary  differential  equations.  Both  the 
modified  Eqn.  S15  and  Eqn.  S16  were  set  to  zero  and  equations  for  the  nullclines  of  each  were 
determined.  Points  of  intersection  between  nullclines  designate  a  steady  state.  Therefore, 
bistability  was  present  if  the  two  nullclines  intersected  more  than  once.  System  dynamics  were 
analyzed  using  the  integrator  ode  15s  in  MATLAB  to  determine  the  stability  of  each  steady  state 
and  the  initial  conditions  required  to  drive  the  system  to  a  particular  steady  state  for  the  given 
parameter  set. 

Parameterization 


We  sought  to  inform  our  kinetic  model  as  accurately  and  completely  as  possible  with 
experimentally  determined  parameter  values  so  as  to  produce  physiologically  relevant  results. 
Different  categories  of  parameters  emerged:  those  with  only  a  single  experimental  value,  those 
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with  known  experimental  ranges,  and  those  with  no  experimentally  detennined  values.  Unknown 
values  were  chosen  to  align  steady  state  results  with  known  physiological  ranges.  All  parameter 
values  applied  to  the  model  and  known  experimental  ranges  are  presented  in  Table  S3  and  Table 
S4. 


In  the  instance  where  only  one  experimental  value  for  the  given  parameter  was  known, 
that  value  was  applied  to  the  model.  These  parameters  included  protein  degradation  rate 
constants  where  the  protein  was  estimated  to  have  a  half-life  of  a  stable  protein  (Alon,  2007)  and 
the  ATP  and  GTP  Michaelis  constants  for  RelA  and  SpoT  for  ppGpp  synthesis.  Parameters  with 
known  experimental  ranges  included  inhibition  coefficients,  the  dissociation  coefficients,  IQ,  for 
the  various  binding  events,  concentrations  of  proteins  and  metabolites,  and  the  ppGpp  Michaelis 
constant  for  SpoT. 

Inhibition  coefficients  were  calculated  from  transcriptional  fold-inhibition  by  specific 
RNAP  complexes.  Experimental  evidence  has  shown  that  ppGpp  and  DksA  individually  can 
inhibit  translation  at  stringent  promoters,  but  greater  inhibition  of  transcription  occurs  when  both 
molecules  are  present  and  work  synergistically  (Chandrangsu  et  ah,  2011;  Lemke  et  ah,  2011; 
Paul  et  ah,  2004).  We  assumed  that  unbound  RNAP  is  fully  active.  To  determine  the  degree  of 
repression  each  bound  complex  should  contribute,  we  analyzed  data  from  in  vitro  transcription 
assays.  The  coefficients  of  inhibition  for  the  RNAPoksA  and  RNAPPPGpp  were  detennined  using 
1.5-fold  inhibition  of  transcription  (Chandrangsu  et  ah,  2011).  Coefficient  for  the  RNAPnksA.ppGpp 
complex  was  calculated  using  20-fold  inhibition  of  transcription  (Paul  et  al.,  2004)  (See  table 
below). 
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Concentrations  and  parameters  for  calculation  of  inhibition  coefficient 


A 

B 

c 

fold-change  inhibition 

1.5 

1.5 

20 

RNAP  total 

6  molecules/cell 

6  molecules/cell 

6  molecules/cell 

DksA  mj[jai 

600  molecules/cell 

600  molecules/cell 

120  molecules/cell 

PpGppi„itial 

60000  molecules/cell 

60,000  molecules/cell 

120,000 

molecules/cell 

RNAP 

0.55  molecules/cell 

1  molecules/cell 

0.03  molecules/cell 

DksA 

594  molecules/cell 

- 

114.3  molecules/cell 

ppGpp 

59,995  molecules/cell 

119,994 

molecules/cell 

RNAP  DksA 

5.45  molecules/cell 

- 

0.05  molecules/cell 

RNAPppGpp 

- 

5  molecules/cell 

0.3  molecules/cell 

RNAP  DksA,ppGpp 

- 

- 

5.62  molecules/cell 

Coefficient 

0.633 

0.600 

.01 

Reference 

(Chandrangsu  et  ah, 
2011) 

(Chandrangsu  et  ah, 
2011) 

(Paul  et  al.,  2004) 

Concentrations  and  parameters  for  calculation  of  inhibition  coefficient.  The  fold-inhibition 


by  each  RNAP  complex  was  determined  using  in  vitro  transcription  assay  data.  This  table 
provides  concentrations  of  RNAP,  DksA,  ppGpp  and  RNAP  complexes  used  to  calculate 
inhibition  coefficients  for  each  RNAP  complex. 


RNAP  +  aRNAP, 


DksA 


1 


RNAP, 


total 


fold ,  inhibition 


(S18.a) 


RNAP  +  bRNAP, 


ppGpp 


1 


RNAP. 


total 


fold ,  inhibition 


(S18.b) 


RNAP  +  aRNAPDksA  +  bRNAP ppGpp  +  cRNAPDksA,ppGpp 


1 


RNAP. 


total 


fold , inhibition 


(S18.c) 


Eqns.  SI 8. a,  S18.b,  and  S18.c  were  applied  to  solve  for  the  coefficients  a,  b,  and  c. 


The  ppGpp  Michaelis  constant  for  SpoT  hydrolase  has  been  stated  in  literature  (An  et  ah, 

1979;  Heinemeyer  and  Richter,  1978).  However,  values  were  reported  without  the  supporting 
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calculations  from  experimental  data.  Therefore,  the  experimental  data  of  ppGpp  decay  versus 
time  during  the  initial  velocity  of  the  reaction  was  fit  to  the  two  kinetic  parameters,  Vmax  and 
KppGpp  (Heinemeyer  and  Richter,  1978).  The  data  was  fit  using  a  MATLAB  nonlinear  least 
squares  minimization  function,  lsqcurvefit,  to  determine  the  kinetic  parameters  (see  figure 
below).  The  Vmax=  1 5.4uM/min=  9274  molecules/cell/min  and  KPPGPp=49.3pM=  2.9  x  104 
molecules/cell.  Another  source  reported  that  KPPGpp=3.3  x  105  molecules/cell  (An  et  al.,  1979), 
which  is  significantly  higher  than  that  determined  from  the  data  reported  by  Heinemeyer  and 
Richter.  This  Km  value  is  higher  than  that  of  most  enzymes  with  their  substrates,  and  it  is 
representative  of  a  very  poor  binding  affinity  of  ppGpp  with  SpoT  (Berg  et  al.,  2012).  Since  the 

assay  of  Heinemeyer  and  Richter  was 
perfonned  on  whole  cell  lysates  and 
that  of  An  and  colleagues  was 
perfonned  on  partially  purified 
protein,  it  is  possible  that  an 
allosteric  activator  of  SpoT  might 
have  been  absent  in  the  reaction 
contents  of  the  purified  enzyme 
leading  to  the  large  Km  for 
isolated  SpoT. 

Uncertain  parameter 

values  (Table  S4)  were  estimated 

using  experimental  evidence 

available  to  achieve  physiological  values  for  RelA,  DksA,  and  ppGpp.  These  parameter  values 
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Data  fit  for  ppGpp  Km  for  SpoT  hydrolase.  Simulation 
of  ppGpp  decay  was  fit  to  reported  experimental  data  to 
determine  the  optimal  value  for  Vmax  and  Km  as  described. 
The  data  fit  resulted  in  Vraax=9274  molecules/cell/min  and 


included  turnover  numbers,  catalytic  rate  constants  for  ppGpp  synthesis  and  degradation,  the 
fraction  of  SpoT  molecules  in  the  synthase  state,  and  the  rate  constant  for  either  ppGpp  or  DksA 
binding  to  RNAP. 

Modulating  turnover  numbers  allowed  the  model  to  achieve  steady-state  levels  for 
ppGpp,  RelA,  and  DksA  to  be  within  physiological  ranges.  The  average  concentration  of  RelA  is 
50  molecules/cell  since  there  is  approximately  1  RelA  molecule  for  every  200  ribosomes 
(Srivatsan  and  Wang,  2008)  and  a  typical  E.  coli  cell  contains  104  ribosomes  (Alon,  2007).  Since 
RelA  is  considered  a  stable  protein  and  its  degradation  rate  constant  is  0.02  min'1  and  the  steady 
state  concentration  of  RelA,  50  molecules/cell,  is  defined  by  setting  Eqn.  SI  equal  to  zero  as: 

=-A"-(S19) 

^  deg, RelA 

Therefore,  the  turnover  number  for  RelA  was  set  to  1  molecule/cell.  DksA  is  reported  to  be 
present  at  approximately  3,000-10,000  molecules/cell  (Paul  et  ah,  2004).  The  turnover  number 
for  DksA  was  modulated  to  achieve  a  total  DksA  concentration  within  this  range.  The  turnover 
number  selected  at  2000  molecules/cells  keeps  the  concentration  of  DksA  within  this  range  for 
both  the  nonnal  and  persister  cells  as  presented  in  Table  S4.  The  physiological  range  of  SpoT 
protein  in  the  cell  has  not  been  determined.  Therefore,  we  assumed  the  protein  concentration  of 
SpoT  in  nonnal  cells  to  be  analogous  to  RelA  protein  concentration  since  the  two  proteins  are 
highly  homologous.  The  turnover  number  of  SpoT  set  to  450  molecules/cell  provides  a  SpoT 
concentration  of  approximate  50  molecules/cell  in  normal  cells  (see  Table  S5)  similar  to  RelA. 

The  ppGpp  synthesis  and  degradation  rate  constants  were  selected  to  keep  the  steady 
state  characterized  by  lower  ppGpp  levels  within  the  physiologically  observed  range  during 
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exponential  growth  (5,700-34,000  molecules/cell)  (Murray  and  Bremer,  1996).  An  estimate  of 
ksyn,ReiA  was  determined  using  in  vitro  RelA  synthase  data  (Pedersen  and  Kjeldgaard,  1977). 

From  the  %  ppGpp  converted  from  GTP  vs  [RelA]  data,  using  specified  protein  and  nucleotide 
concentrations,  and  Michealis  constants  detennined  in  Table  S3,  the  ksyn,RCiA  was  estimated  by 
applying  a  two-substrate  ping-pong  Michealis  Menten  kinetic  rate  equation  to  the  presented  data. 
The  ksyn,ReiA  was  detennined  to  be  on  the  order  of  lOOOmin.  Since  in  vitro  data  for  SpoT 
synthase  activity  is  not  available,  we  assumed  the  kSyn.SpoT  to  be  similar  to  ksyn,ReiA  due  to  the 
strong  sequence  homology  between  the  two  enzymes.  An  estimate  for  the  catalytic  rate  constant 
for  SpoT  hydrolase  was  determined  using  the  data  presented  above  to  determine  the  Km  and  Vmax 
for  the  hydrolase  (Heinemeyer  and  Richter,  1978).  The  SpoT  present  in  the  crude  cell  extract 
protein  was  assumed  to  be  similar  to  that  of  RelA  protein  content.  Then,  the  equation  for  Vmax 
was  applied  shown  in  Eqn.  S20. 

kmax  =£deg ,ppGPP[SPoT]  (S20) 

The  degradation  rate  constant  was  detennined  to  be  on  the  order  of  1 0,000mm"1 .  Since  the 
proportion  of  SpoT  synthase  to  SpoT  hydrolase  present  in  the  cell  is  not  known,  we  assumed  half 
of  the  SpoT  protein  was  a  synthase  and  half  was  a  hydrolase  setting  f=0.5. 

The  forward  rate  constants  for  ppGpp  binding  to  RNAPDksA  and  DksA  binding  to 
RNAPppGpp  are  unknown,  but  the  equilibrium  rate  constant  of  the  binding  is  experimentally 
determined  (Table  S4).  Since  the  model  is  analyzing  steady  states,  these  parameter  values  are  not 
significant.  Altering  the  value  of  these  parameters  did  not  alter  the  nullclines. 
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Bistability  Analysis 


We  used  the  parameter  values  and  ranges  in  Table  S3  and  Table  S4  to  analyze  bistability 
in  our  system.  The  experimental  range  of  each  parameter  is  provided  as  a  basis  for  the 
physiological  relevance  of  the  nominal  values.  Nominal  values  are  those  used  to  generate  the 
nullclines  and  phase  space  trajectories  in  Figure  5B. 

For  each  parameter,  we  establish  the  range  of  values  for  which  bistability  is  maintained  in 
the  system.  Each  parameter  value  was  altered  while  keeping  all  other  parameters  constant  at 
their  nominal  values  and  bistability  was  assessed.  The  bistable  range  presented  in  Table  S3  and 
Table  S4  represent  the  values  of  these  parameters  where  bistability  is  maintained.  Since  many  of 
these  parameters  are  interrelated  within  the  model,  altering  the  nominal  value  of  one  parameter 
may  affect  the  bistable  ranges  of  other  parameters.  Therefore,  the  values  presented  in  the 
bistable  range  may  not  be  the  only  values  of  that  particular  parameter  where  bistability  may 
occur  if  nominal  values  of  other  parameters  are  altered. 

Bistability  was  most  sensitive  to  the  coefficient  c  and  therefore,  the  extent  of  repression 
from  the  RNAPDksA,ppGpp  complex.  When  repression  was  strong,  bistability  was  present  with  all 
other  parameters  at  their  nominal  values.  As  repression  from  this  complex  was  weakened,  the 
concentration  of  SpoT  was  no  longer  reduced  enough  to  observe  the  high  ppGpp  state.  The 
bistability  was  not  as  sensitive  to  the  regulation  by  RNAPDksA  or  RNAPPPGpp,  most  likely  due  to 
the  small  concentrations  of  these  complexes  at  high  ppGpp  concentrations.  We  note  that  in  Table 
S3,  we  report  a  narrow  range,  in  comparison  to  the  experimental  range,  for  the  parameter  c 
where  bistability  is  achieved.  This  reflects  a  requirement  of  very  strong  repression  from  this 
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complex  to  enable  bistability.  The  bistable  range  reported  in  Tables  S3  and  S4  is  that  which 
applies  when  c  is  varied  and  all  other  parameters  are  kept  at  their  nominal  values.  The 
parameters  within  this  model  are  interrelated,  and  the  range  of  values  for  c  which  enable 
bistability  will  only  increase  beyond  that  which  we  report  here  if  a  more  extensive  analysis  is 
performed.  For  instance,  a  combinatorial  analysis,  where  all  values  are  adjusted  simultaneously, 
would  expand  the  range  of  c  values  that  enable  bistability.  Therefore,  the  bistable  range  of  c- 
values  reported  here  should  not  be  considered  the  maximal  range,  but  simply  one  that  applies  for 
the  nominal  values  used  in  this  study. 

The  effect  of  ppGpp  and  DksA  on  transcription  has  been  shown  to  be  promoter  specific 
exhibiting  varying  degrees  of  repression  (Chandrangsu  et  ah,  2011;  Lemke  et  ah,  2011).  This  can 
be  incorporated  into  our  model  by  designating  different  a,  b,  and  c  values  for  DksA  and  SpoT. 
Weakening  the  repression  of  DksA  expression  by  these  complexes  did  not  alter  the  model  results 
significantly,  when  SpoT  repression  was  kept  strong.  However,  weakening  the  repression  of 
SpoT  regardless  of  repression  on  DksA  eventually  eliminated  the  presence  of  two  steady  states. 
Therefore,  bistability  present  in  the  ppGpp  biochemical  network  was  highly  dependent  on  the 
repression  of  SpoT  production  by  ppGpp  and  DksA. 

The  ppGpp  Michaelis  constant,  KPPGpp,  for  SpoT  hydrolase  was  also  an  important 
parameter  for  bistability.  The  Michaelis  constant  represents  the  substrate  concentration  at  which 
the  reaction  rate  is  half  maximal  (Splittgerber,  1983),  therefore,  lower  Kppgpp  values  suggest  the 
SpoT  enzyme  degrades  ppGpp  more  efficiently  than  at  higher  Kppgpp  values.  Increasing  Kppgpp 
from  its  nominal  value  toward  the  upper  physiological  range  eliminated  the  bistability  and  only 
the  high  ppGpp  state  remained  (Table  S3).  This  suggests  that  as  the  affinity  of  the  enzyme  for  its 
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substrate  drops,  it  can  no  longer  degrade  ppGpp  efficiently  enough  to  keep  the  ppGpp  levels  low. 
These  results  highlight  the  importance  of  not  only  strong  repression  of  SpoT  expression  by 
RNAPoksA.ppGpp,  but  also  proficient  degradation  of  ppGpp  by  SpoT  hydrolase  for  the  biochemical 
network  to  exhibit  bistability. 

We  assumed  that  SpoT  synthase  is  functionally  and/or  physically  unstable  because  of  the 
inability  to  detect  SpoT  synthase  in  cell  extracts  (Richter  et  ah,  1979)  and  the  requirement  of 
continued  protein  synthesis  for  functionality  (Murray  and  Bremer,  1996).  Since  both  the 
nominal  value  of f  and  kdeg,sPoT,Syn  are  assumptions  and  are  interrelated  within  our  model,  we 
explored  varying  both  of  these  parameters  simultaneously  to  determine  if  making  the  SpoT 
synthase  more  stable  while  altering  the  synthase  fraction  can  yield  a  bistable  system.  The 
parameter  kdeg,sPoT,syn  was  varied  from  a  discretized  range  of  [0.015,1.5]  and  the  parameter / was 
varied  from  a  discretized  range  of  [0,1]  while  keeping  all  other  parameters  at  their  nominal 
values.  The  model  simulation  was  run  for  10,000  iterations  while  randomly  selecting  values  for 
the  two  parameters  within  their  specified  ranges.  For  each  pair  of  kdeg,sPoT,syn  and  f  bistability 
was  assessed.  The  figure  below  presents  the  data  sets  that  exhibited  bistability.  It  was  observed 
that  when  the  stability  of  the  SpoT  synthase  was  increased,  the  system  required  a  higher  fraction 
of  SpoT  synthase  to  maintain  bistability.  Bistability  was  observed  with  a  ~5-fold  increase  in 
synthase  activity.  These  results  suggest  a  range  of  values  for  kdeg,sPoT,syn  and / exist  for  the 
system  to  be  bistable. 
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Simultaneous  kdeg,spoT,syn  and  f  parameter  variation  to  assess  bistable  range.  The  parameter 
values  that  exhibit  bistability  when  varying  the  stability  of  the  SpoT  synthase  and  the  fraction  of 
SpoT  synthase  present  in  the  system. 

As  mentioned  in  the  main  text,  ArelAAspoT  and  AdksA  experimentally  remove  the 
persister  population  formed  from  the  ppGpp-dependent  pathway.  These  results  support  our 
model  since  removing  RelA/SpoT  and  DksA  individually  from  the  network  simulations  by 
setting  their  initial  concentrations  and  turnover  numbers  to  0  to  mimic  genetic  deletions  also 
removed  bistability.  Elimination  of  RelA  and  SpoT  removed  all  steady  states  from  the  model 
since  ppGpp  is  neither  produced  nor  degraded.  Elimination  of  DksA  yielded  only  one  steady 
state,  characterized  by  low  ppGpp  concentration  and  high  SpoT  concentration,  when  keeping  all 
other  parameters  at  their  nominal  value. 
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Bacterial  persisters  exhibit  an  extraordinary  tolerance  to  antibiotics  that  is  dependent  on  their  metabolic  state.  Although  per¬ 
sister  metabolism  promises  to  be  a  rich  source  of  antipersister  strategies,  there  is  relatively  little  known  about  the  metabolism  of 
these  rare  and  transient  phenotypic  variants.  To  address  this  knowledge  gap,  we  explored  the  use  of  several  techniques,  and  we 
found  that  only  one  measured  persister  metabolism.  This  assay  was  based  on  the  phenomenon  of  metabolite-enabled  aminogly¬ 
coside  killing  of  persisters,  and  we  used  it  to  characterize  the  metabolic  heterogeneity  of  different  persister  populations.  From 
these  investigations,  we  determined  that  glycerol  and  glucose  are  the  most  ubiquitously  used  carbon  sources  by  various  types  of 
Escherichia  coli  persisters,  suggesting  that  these  metabolites  might  prove  beneficial  to  deliver  in  conjunction  with  aminoglyco¬ 
sides  for  the  treatment  of  chronic  and  recurrent  infections.  In  addition,  we  demonstrated  that  the  persister  metabolic  assay  de¬ 
veloped  here  is  amenable  to  high-throughput  screening  with  the  use  of  phenotype  arrays. 


Persisters  are  phenotypic  variants  that  are  tolerant  to  extraor¬ 
dinary  concentrations  of  antibiotics.  Persisters  in  biofilms 
have  been  hypothesized  to  underlie  the  proclivity  of  biofilm  infec¬ 
tions  to  relapse  ( 1 ) ,  and  until  recently  there  was  no  effective  way  to 
eliminate  persisters.  Two  promising  studies  have  demonstrated 
metabolism-dependent  killing  of  persisters:  one  that  potentiates 
aminoglycoside  (AG)  activity  by  stimulating  proton  motive  force 
generation  in  persisters  (2),  and  another  that  stimulates  persister 
awakening  (3).  These  methods  suggest  that  knowledge  of  persister 
metabolic  capabilities  would  expedite  the  discovery  and  develop¬ 
ment  of  antipersister  therapies.  Consequently,  perturbations  to 
numerous  metabolic  genes  and  regulators  have  been  shown  to 
alter  persister  levels  (4-9, 30,  31),  further  supporting  a  central  role 
for  metabolism  in  maintenance  of  this  phenotypic  state.  In  addi¬ 
tion,  persisters  have  recently  been  shown  to  largely  adopt  a  meta- 
bolically  quiescent  state  that  must  be  achieved  and  sustained  by 
coordinated  metabolic  actions  (10).  Unfortunately,  persister  me¬ 
tabolism  has  not  been  sufficiently  studied,  and  knowledge  of  the 
metabolic  activities  of  these  phenotypic  variants  remains  limited. 
In  part,  this  is  due  to  difficulties  associated  with  isolation  of  per¬ 
sisters  from  normally  growing  cultures,  where  current  techniques 
provide  only  modest  persister  enrichment  (11,  12). 

In  this  study,  we  sought  to  measure  the  metabolic  activities  of 
natively  generated  Escherichia  coli  persisters,  not  those  obtained 
synthetically  by  overexpression  of  a  toxin  (13)  or  treatment  with 
persister-stimulating  agents  (14).  First,  we  attempted  to  use  the 
only  isolation  technique  previously  described  to  produce  pure 
persister  samples  (15).  In  this  method,  normally  growing  bacteria 
are  lysed  with  ampicillin  (AMP),  and  the  remaining  cells,  consid¬ 
ered  persisters,  are  sedimented  by  centrifugation.  However,  by 
using  LIVE/DEAD  staining,  a  fluorescent  indicator  of  cell  lysis,  a 
metabolic  assay,  and  persister  measurements,  we  found  that  ex¬ 
ponential-phase  cultures  of  wild-type  E.  coli  treated  with  AMP 
contained  almost  100-fold  more  viable  but  nonculturable  cells 
(VBNCs)  than  persisters  and  that  VBNC  metabolic  activity  ob¬ 
scured  measurement  of  persister  metabolism.  In  the  absence  of  a 
high-fidelity  isolation  technique,  it  was  necessary  to  base  the  mea¬ 
surements  of  persister  metabolism  on  the  fundamental  definition 
of  persistence,  antibiotic  tolerance  exhibited  by  a  reduced  killing 


rate  in  a  biphasic  kill  curve,  followed  by  growth  resumption  on 
standard  media.  This  definition  distinguishes  persisters  from  nor¬ 
mal  and  dead  cells  as  well  as  VBNCs  and,  therefore,  must  be  used 
to  measure  persister  physiology  in  the  absence  of  improved  isola¬ 
tion  techniques.  Since  persisters  can  only  be  killed  by  AGs  if  they 
metabolize  carbon  sources  to  generate  proton  motive  force  (PMF) 
(2),  we  adapted  the  AG  potentiation  assay  to  rapidly  measure  per¬ 
sister  metabolism  in  a  high-throughput  manner  with  the  use  of 
phenotype  microarrays.  We  used  this  method  to  measure  the  me¬ 
tabolism  of  various  persisters  (e.g.,  AMP  and  ofloxacin  [OFX], 
during  the  exponential  and  stationary  phases),  and  we  found  that 
glycerol  and  glucose  were  the  most  commonly  metabolized  sub¬ 
strates  by  E.  coli  persisters,  establishing  these  carbon  sources  as 
prime  candidates  for  combination  therapy  with  AGs.  The  method 
described  here  can  be  used  to  explore  persister  metabolism  and 
build  back  their  active  metabolic  networks,  while  simultaneously 
probing  for  the  best  adjuvants  for  AG  therapy  of  relapsing  infec¬ 
tions. 

MATERIALS  AND  METHODS 

Bacterial  strains.  All  strains  were  derived  from  E.  coli  MG1655.  The 
MG1655  hipA7  mutant  was  a  generous  gift  from  the  James  J.  Collins  Lab 
(Boston  University,  Boston,  MA).  Generation  of  MOOOl,  which  con¬ 
tained  a  chromosomally  integrated  laclP  promoter  in  place  of  the  lacl 
promoter  and  a  chromosomally  integrated  T5p-mCherry  in  place  of  lac- 
ZYA,  was  described  in  a  previous  study  (10).  Genetic  deletions  (A gldA, 
AglpK,  AgldAAglpK ,  and  A ptsl)  were  transduced  from  the  Keio  Collection 
by  using  the  standard  PI  phage  method  (16).  When  necessary,  the  kana- 
niycin  resistance  gene  was  removed  using  FLP  recombinase  (17).  All  mu- 
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tations  were  confirmed  using  PCR  and/or  DNA  sequencing  (Genewiz, 
South  Plainfield,  NJ). 

Chemicals,  media,  and  growth  conditions.  All  chemicals,  unless 
noted  below,  were  purchased  from  Fisher  Scientific  or  Sigma- Aldrich.  A 
LIVE/DEAD  bacterial  viability  kit  was  purchased  from  Life  Technologies, 
Invitrogen  (Grand  Island,  NY).  Fluorescent  particles  for  cell  counting 
were  purchased  from  Spherotech,  Inc.  (Lake  Forest,  IL).  WST-1  was  pur¬ 
chased  from  Dojindo  Molecular  Technologies  (Rockville,  MD),  and  iso- 
propyl-(i-D-thiogalactopyranoside  (IPTG)  was  purchased  from  Gold  Bio¬ 
technology  (St.  Louis,  MO).  Phenotype  microarrays  were  purchased  from 
Biolog,  Inc.  (Hayward,  CA).  LB  medium  (10  g/liter  tryptone,  5  g/liter 
yeast  extract,  and  10  g/liter  NaCl)  and  LB  agar  plates  (LB  with  15  g/liter 
agar)  were  used  for  planktonic  growth  and  enumeration  of  CFU,  respec¬ 
tively.  When  necessary,  0.22- pm  filter-sterilized  pyruvate,  a-ketogluta- 
rate,  or  catalase  solutions  were  aseptically  spread  on  the  surface  of  LB  agar 
plates  at  concentrations  of  0.1%  pyruvate,  0.1%  a-ketoglutarate,  and 
2,000  U  catalase  per  plate  (18).  For  persister  assays,  200  pg/ml  AMP  and  5 
pg/ml  OFX  were  used.  For  the  AG  potentiation  assay,  25  p-g/ml  kanamy- 
cin  (KAN)  was  used.  For  mutant  selection,  50  p-g/ml  KAN  was  utilized.  To 
inhibit  cytochrome  activity,  1  mM  KCN  was  used  (2).  To  prepare  the 
overnight  cultures,  cells  from  a  25%  glycerol,  —  80°C  stock  were  incubated 
in  2  ml  LB  medium  at  37°C  with  shaking  (250  rpm)  for  24  h.  The  over¬ 
night  cultures  were  diluted  1,000-fold  in  50  ml  of  fresh  LB  medium  in  a 
500-ml  baffled  flask  and  incubated  for  90  min  at  37°C  and  250  rpm  before 
antibiotic  treatment.  To  enumerate  CFU,  cells  were  washed  and  diluted  in 
phosphate-buffered  saline  (PBS),  plated  on  LB  agar,  and  incubated  at 
37°C  for  16  h. 

LIVE/DEAD  staining  assay.  SYTO  9  and  propidium  iodide  (PI)  stain¬ 
ing  were  performed  according  to  the  manufacturer’s  instructions.  Expo¬ 
nential-phase  and  AMP -treated  cell  cultures  were  washed  and  diluted  in 
sterile  0.85%  NaCl  buffer  to  reach  a  final  density  of  1  X  106  cells/ml.  Then, 
cells  were  stained  with  SYTO  9  and  PI  simultaneously,  at  concentrations 
of  5  pM  and  30  pM,  respectively,  and  incubated  at  room  temperature  for 
approximately  15  min  before  flow  cytometry  analysis.  As  controls,  ap¬ 
proximately  1  X  106  exponential-phase  cells  were  either  incubated  in  1  ml 
of  70%  ethanol  solution  for  1  h  or  sonicated  at  10%  amplitude  with  a  sonic 
dismembrator  (Fisher  Scientific,  Pittsburgh,  PA)  in  1  ml  of  0.85%  NaCl 
buffer  on  ice  for  30  min  prior  to  staining. 

Fluorescent  indicator  (mCherry)  of  cell  lysis  assay.  MO001  cells 
were  cultured  as  described  above,  except  that  1  mM  IPTG  was  included  in 
the  overnight  and  exponential  growth  cultures.  After  AMP  treatment, 
1-ml  samples  were  collected  at  the  indicated  time  points,  washed,  diluted 
in  PBS,  and  analyzed  by  flow  cytometry  to  count  the  unlysed  cells.  For  the 
control,  exponential-phase  cells  were  sonicated  in  PBS  as  described  above 
prior  to  the  flow  cytometry  assay. 

Flow  cytometry  analysis.  All  samples  were  analyzed  with  an  LSRII 
flow  cytometer  (BD  Biosciences,  San  Jose,  CA).  Microorganisms  were 
identified  using  forward  and  side  scatter  parameters  (FSC  and  SSC). 
SYTO  9/PI-stained  cells  and  mCherry-expressing  cells  were  assayed  with 
lasers  emitting  at  488  nm  and  560  nm,  respectively,  and  fluorescence 
intensities  were  collected  by  using  a  green  fluorescence  (525/ 50  nm)  band¬ 
pass  filter  for  SYTO  9  and  a  red  fluorescence  (610/20  nm)  bandpass  filter 
for  both  PI  and  mCherry.  Data  were  acquired  and  analyzed  using  FACS- 
DiVa  software  (BD  Biosciences,  San  Jose,  CA). 

Cell  sorting.  All  cell  sorting  experiments  were  performed  using  a 
FACSVantage  SE  cell  sorter  with  DiVa  (BD  Biosciences,  San  Jose,  CA)  at 
16  lb/in2  with  a  70-pm  nozzle.  Microorganisms  were  determined  using 
forward  and  side  scatter  parameters.  mCherry-positive  cells  were  identi¬ 
fied  by  measuring  red  fluorescence  (561-nm  excitation  with  a  615/30- 
bandpass  filter).  Cells  were  sorted  using  sterile  1 X  PBS  as  sheath  fluid  in 
the  sorter.  mCherry-positive  cells  after  AMP  treatment  (approximately 
10,000  cells)  were  sorted  in  microcentrifuge  tubes,  plated  on  LB  agar,  and 
incubated  at  37°C  for  16  h  to  count  CFU.  These  data  were  used  to  calculate 
the  persister/VBNC  ratio.  To  determine  the  VBNC  levels  prior  to  antibi¬ 
otic  treatment,  single  cells  from  exponential-phase  MG1655  cultures  were 


delivered  to  individual  wells  of  96-well  plates  filled  with  200  pi  LB  agar. 
The  plates  were  incubated  for  16  h  at  37°C.  Wells  that  failed  to  grow  were 
inoculated  with  a  dead  cell  or  VBNC,  whereas  wells  with  measureable 
growth  were  inoculated  with  a  normal  cell  or  a  persister. 

Persister  and  VBNC  enumeration.  MIC  ranges  for  MG1655  cells 
were  found  to  be  1.5  to  3  p-g  AMP/ml,  0.075  to  0.15  pg  OFX/ml,  and  3  to 
6  pg  KAN/ml  by  using  the  method  based  on  serial  2-fold  dilutions  of 
antibiotics  in  LB  medium  (10).  Exponential-phase  cultures  (50  ml)  were 
treated  with  either  AMP  (200  pg/ml)  or  OFX  (5  pg/ml),  while  stationary- 
phase  cultures  (2  ml)  were  only  treated  with  OFX  (5  pg/ml),  and  all 
cultures  were  incubated  at  37°C  and  250  rpm.  To  enumerate  the  persister 
levels,  samples  were  collected  at  the  indicated  time  points,  washed,  and 
serially  diluted  in  PBS,  and  then  10-pl  samples  were  plated  on  LB  agar. 
VBNC  levels  at  the  indicated  time  points  during  the  AMP  treatment  were 
enumerated  by  flow  cytometry  with  fluorescent  counting  particles  with 
either  SYTO  9/PI-stained  wild-type  cells  or  mCherry-expressing  cells  as 
described  above.  To  determine  whether  VBNCs  from  these  experiments 
could  be  resuscitated  (18),  antibiotic-treated  samples  were  plated  on  LB, 
LB  plus  pyruvate  (0.1%),  LB  plus  a-ketoglutarate  (0.1%),  or  LB  plus 
catalase  (2,000  U/plate). 

Tetrazolium  assay.  For  the  tetrazolium  assay,  the  detection  reagent 
was  prepared  according  to  the  methods  described  by  Tsukatani  and  co¬ 
workers  (19).  WST-1  and  2-methyl- 1,4-naphthoquinone  were  dissolved 
in  distilled  water  and  ethanol  at  concentrations  of  11.1  mM  and  8  mM, 
respectively,  and  then  they  were  mixed  at  a  ratio  of  9:1,  yielding  10  mM 
tetrazolium  salt  and  0.8  mM  electron  mediator.  The  reagent  was  filter 
sterilized  with  a  membrane  filter  (0.2  pm). 

Cells  from  50-ml  exponential-phase  cultures  treated  with  AMP  (5  or 
20  h)  were  pelleted  at  4,000  rpm  for  15  min  using  a  centrifuge  (5810R; 
Eppendorf  AG,  Hamburg,  Germany)  and  resuspended  in  1  ml  of  sterile 
1.25X  M9  salt  solution,  including  AMP  (125  pg/ml).  Then,  80  pi  of 
microbial  resuspension,  10  pi  of  detection  reagent,  and  10  pi  of  carbon 
source  solution  (600  mM  carbon)  were  added  to  each  well  of  96- well 
microtiter  plates.  This  yielded  approximately  107  live  cells  (VBNCs  plus 
persisters),  1  mM  WST-1, 0.08  mM  electron  mediator,  and  60  mM  carbon 
per  well.  As  a  control,  10  pi  sterile  water  was  added  to  this  mixture  instead 
of  a  carbon  source.  We  note  that  all  carbon  sources  were  dissolved  in 
distilled  water  and  then  filter  sterilized.  Ninety-six-well  plates  were  cov¬ 
ered  with  sterile,  gas-permeable  sealing  membranes  (Breath-Easy;  Sigma- 
Aldrich).  Cell  cultures  were  incubated  at  37°C  and  250  rpm,  and  the  A438 
was  measured  at  the  indicated  time  points  by  using  a  Synergy  HI  hybrid 
multimode  microplate  reader  (BioTek,  Winooski,  VT).  The  same  proce¬ 
dures  were  applied  to  stationary-  and  exponential-phase  cultures  before 
AMP  treatment  to  measure  their  metabolic  activities.  The  cell  density  in 
all  samples  was  ~107  live  cells/well. 

To  understand  if  the  debris  from  lysed  cells  affected  formazan  produc¬ 
tion,  2  ml  of  exponential-phase  cells  before  the  AMP  treatment  was 
washed  with  1.25X  M9  salt  solution  as  described  above  and  sonicated  at 
10%  amplitude  for  30  min  on  ice.  This  method  did  not  result  in  protein 
denaturation,  which  was  confirmed  by  measuring  the  fluorescence  inten¬ 
sities  of  samples  before  and  after  sonicadon  using  a  microplate  reader 
(560-nm  excitation,  610-nm  emission).  Lysis  of  all  cells  was  confirmed  by 
flow  cytometry.  A  colorimetric  microbial  assay  was  performed  for  both 
sonicated  and  unsonicated  exponential-phase  cells  that  had  been  chilled 
on  ice  as  described  above. 

Aminoglycoside  potentiation  assay.  For  the  AG  potenitation  assay, 
cells  from  50-ml  exponential-phase  cultures  treated  with  AMP  (200  pg/ 
ml)  or  OFX  (5  pg/ml)  were  pelleted  and  suspended  in  1  ml  of  sterile  1 .25  X 
M9  salt  solution  as  described  above  without  antibiotic.  Then,  80  pi  of  cell 
suspension,  10  pi  of  KAN  solution,  and  10  pi  of  carbon  source  solution 
were  mixed  in  each  well  of  the  plates,  resulting  in  ~  105  AMP  or~10sOFX 
persisters,  25  pg/ml  KAN,  and  60  mM  carbon  per  well.  The  plates  were 
covered  with  sterile,  gas-permeable  sealing  membranes  and  incubated  at 
37°C  and  250  rpm,  and  5-pl  samples  were  removed  from  each  well  at  the 
indicated  time  points  and  diluted  60-fold  in  PBS  into  another  96-well 
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plate,  to  reduce  the  antibiotic  concentrations  to  sub-MIC  levels.  Then, 
10-|xl  aliquots  of  these  samples  were  further  diluted  and  plated  onto  LB 
agar.  Where  indicated,  KCN,  AMP,  or  OFX  was  added  to  a  1.25  X  M9 
suspension  buffer  (controls).  The  final  concentrations  of  these  chemicals 
in  the  cultures  were,  respectively,  1  mM,  100  p,g/ml,  and  5  p,g/ml.  The 
same  procedures  were  applied  to  stationary-phase  OFX  persisters.  Over¬ 
night  cultures  in  2  ml  LB  were  treated  with  OFX  (5  p,g/ml)  to  obtain 
stationary-phase  persisters. 

Competition  assay.  To  understand  if  VBNCs  interfere  with  the  AG 
potentiation  assay  (e.g.,  consume  a  carbon  source  and  generate  a  product 
that  potentiates  AG  activity  in  persisters),  a  competition  assay  was  per¬ 
formed.  Antibiotic-treated  samples  of  wild-type  and  mutant  (A gldA 
AglpK  or  A ptsl)  cells  from  either  exponential-  or  stationary-phase  cul¬ 
tures  were  pelleted  and  suspended  in  1  ml  of  sterile  1 .25  X  M9  salt  solution 
as  described  above.  Wild-type  and  mutant  cells  (A gldA  AglpK  or  A ptsl) 
were  mixed  so  as  to  obtain  an  approximate  50/50  proportion  of  persisters. 
Then,  80  pi  of  cell  suspension,  10  pi  of  KAN  solution,  and  10  pi  of  carbon 
source  solution  were  mixed  in  each  well  of  the  plates,  resulting  in  ~105 
persisters,  25  pg/ml  KAN,  and  60  mM  carbon  per  well.  For  controls, 
wild-type-only  and  mutant-only  cell  suspensions  were  treated  with  KAN. 
All  mixed  cultures  had  the  same  amount  of  wild-type  or  mutant  persisters 
as  wild-type-only  or  mutant-only  cultures.  Where  indicated,  KCN  and 
AMP  were  added  to  1.25X  M9  suspension  buffer.  Where  indicated,  cell 
densities  were  decreased  ( 10-fold)  to  minimize  the  effects  of  surrounding 
cells  on  persisters,  and  KAN  and  carbon  source  concentrations  were  kept 
constant.  The  plates  were  then  covered  with  sterile,  gas-permeable  sealing 
membranes  and  were  incubated  at  37°C  and  250  rpm.  After  2  h  of  incu¬ 
bation,  cell  cultures  (100  pi)  were  transferred  to  sterile  microcentrifuge 
tubes  and  washed  with  PBS  to  remove  the  antibiotics,  and  10-pl  aliquots 
of  these  samples  were  further  diluted  and  plated  onto  LB  agar.  The  re¬ 
maining  90  pi  of  the  cultures  was  also  plated  in  case  the  CFU  were  not 
measured  from  the  10-pl  spot.  To  confirm  that  mixed-cell  cultures  were 
enriched  with  mutants  after  2  h  of  incubation  with  KAN  and  the  nonuti- 
lized  carbon  source  (glycerol  for  A gldA  AglpK  and  glucose  for  AptsI ),  at 
least  24  colonies  from  mixed  cultures  were  grown  in  200  pi  M9-glycerol  or 
M9-glucose  medium  (60  mM  carbon),  in  96-well  plates,  for  24  h  at  37°C 
and  250  rpm.  This  allowed  quantification  of  the  proportion  of  surviving 
cells  that  were  mutants,  since  A gldA  AglpK  and  AptsI  cannot  grow  in 
M9-glycerol  or  M9-glucose  medium,  respectively,  whereas  wild-type  cells 
can  grow  in  both  media. 

Phenotype  microarray  assay.  Phenotype  microarrays  (PM)  were 
used  to  measure  AG  potentiation  and  cell  growth  in  a  high-throughput 
manner.  Stationary-phase  cells  in  2  ml  LB  treated  with  OFX  for  5  h 
were  washed  and  diluted  10-fold  in  IX  M9  salt  solution,  including  25 
pg/ml  KAN,  and  100- pi  aliquots  of  samples  from  this  cell  suspension 
were  added  to  the  wells  of  a  PM.  Plates  were  covered  with  sterile, 
gas-permeable  sealing  membranes  and  incubated  at  250  rpm  and  37°C. 
At  the  indicated  time  points,  5-pl  samples  were  removed  for  CFU 
enumeration  as  described  above.  When  indicated,  KCN  or  AMP  was 
added  to  the  IX  M9  suspension  buffer  (controls).  To  determine  the 
cell  growth  rates,  stationary-phase  cells  without  antibiotic  treatment 
were  washed  and  diluted  10-fold  in  IX  M9  salt  solution,  and  100-pl 
aliquots  of  the  cell  suspension  were  added  to  wells  of  a  PM.  Cells  were 
incubated  at  250  rpm  and  37°C  for  6  h,  and  at  the  indicated  time 
points,  10-  pi  aliquots  of  cultures  were  mixed  with  290  pi  of  1 X  M9  salt 
solution  to  measure  the  optical  density  at  600  nm. 

Statistical  analysis.  All  experiments  were  independently  repeated  at 
least  3  times.  Pairwise  comparison  was  performed  using  a  two-tailed  ttest, 
and  a  P  value  threshold  of  0.05  was  used  to  identify  statistically  significant 
differences.  Each  data  point  is  represented  by  the  mean  value  ±  the  stan¬ 
dard  error. 

RESULTS 

Ampicillin-lysed  cultures  include  more  VBNCs  than  persisters. 

Persisters  cannot  be  isolated  from  untreated  cultures,  due  to  iso¬ 


lation  difficulties  that  originate  from  their  transient  nature,  low 
abundance,  and  a  lack  of  high-fidelity  biomarkers.  Fluorescence- 
activated  cell  sorting  (FACS)  methods  used  for  persister  isolation 
based  on  an  rRNA  reporter  (an  indicator  of  protein  synthesis) 
(11)  and  a  fluorescent  indicator  of  cell  division  (10,  12)  provide 
samples  that  are  enriched  in  persisters  but  remain  highly  contam¬ 
inated  with  other  cell  types,  such  as  normal  cells  and  VBNCs. 
Another  technique  that  has  been  described  for  persister  isolation 
involves  treatment  of  cultures  with  (3-lactams  and  sedimentation 
of  nonlysed  cells  ( 1 5, 20) .  As  evidence  that  the  sedimented  cells  are 
persisters,  Keren  and  colleagues  performed  LIVE/DEAD  (SYTO/ 
PI)  staining  to  show  that  all  remaining  cells  stained  as  live  cells 
(15).  However,  the  claim  that  these  sedimented  cells  are  all  per¬ 
sisters  has  come  under  scrutiny  due  to  additional  studies  that  have 
demonstrated  that  cell  lysis  by  (3-lactams  leaves  many  more  cells 
with  intact  membranes  than  there  are  persisters  in  the  population 
(7,  12,  21).  Here,  we  sought  to  determine  if  (3-lactam  lysis  would 
be  useful  for  isolation  of  wild-type  E.  coli  persisters  for  metabolic 
measurements.  After  24  h  of  incubation  in  LB,  the  overnight  cells 
were  inoculated  in  fresh  medium  and  cultured  for  90  min  (dou¬ 
bling  time,  ~25  min).  Exponential-phase  cells  were  then  treated 
with  AMP,  live  cells  were  counted  by  flow  cytometry,  and  CFU 
were  measured  by  plating  on  LB  agar.  The  LIVE/DEAD  probes, 
SYTO  9  and  PI,  which  are,  respectively,  green  and  red  fluorescent 
nucleic  acid  stains  that  differ  in  their  ability  to  penetrate  bacterial 
cells  (22),  were  used  to  enumerate  live  cells,  as  Keren  and  col¬ 
leagues  had  done  (15).  While  SYTO  9  can  stain  all  cells,  PI  only 
stains  cells  with  damaged  membranes  (qualified  as  dead).  To  de¬ 
termine  the  gates  of  live  and  dead  cell  subpopulations,  exponen¬ 
tial-phase  cells  were  treated  with  ethanol  (standard  control)  or 
sonicated  until  all  cells  were  killed  and  then  stained  with  SYTO  9 
and  PI  dyes  (Fig.  1A).  We  reasoned  that  sonication  was  an  impor¬ 
tant  control  due  to  the  fact  that  AMP  lyses  cells.  As  depicted  in  Fig. 
1  A,  dead  cells  were  differentially  stained  by  these  two  dyes.  When 
we  compared  these  data  with  a  stained  AMP-treated  culture  (Fig. 
IB  and  C),  sonicated  samples  more  closely  resembled  AMP- 
treated  cells  than  ethanol-treated  cells.  When  we  monitored  the 
live  cell  and  persister  levels  for  5  h  during  AMP  treatment,  we 
found  that  the  level  of  live  cells  was  almost  2  orders  of  magnitude 
higher  than  the  level  of  persisters  (Fig.  1G),  consistent  with  previ¬ 
ous  studies  (7, 12, 21).  Cells  that  cannot  form  a  colony  on  standard 
media  but  stain  as  live  are  known  as  VBNCs  (23).  Under  specific 
circumstances,  VBNCs  have  been  observed  to  return  to  cultur- 
ability  by  plating  on  media  with  antioxidants,  such  as  pyruvate, 
a-ketoglutarate,  or  catalase  (18).  To  determine  if  such  resuscita¬ 
tion  was  possible  under  our  experimental  conditions,  antibiotic- 
treated  samples  were  plated  on  LB  alone,  LB  with  pyruvate,  LB 
with  a-ketoglutarate,  and  LB  with  catalase,  and  CFU  were  mea¬ 
sured.  As  depicted  in  Fig.  SI  in  the  supplemental  material,  the 
addition  of  these  components  could  not  resuscitate  VBNCs,  sug¬ 
gesting  that  the  distinction  between  VBNC  and  persister  was  ro¬ 
bust  to  the  medium  variation  in  this  study. 

To  corroborate  the  LIVE/DEAD  staining,  we  measured  the 
level  of  intact  cells  by  using  a  fluorescent  protein  (12).  In  this 
method,  the  fluorescent  protein  is  expressed  and  then  cells  are 
treated  with  AMP.  Normal  cells  lyse  and  their  fluorescent  signals 
are  lost,  whereas  unlysed  cells  retain  their  high  fluorescence.  Here, 
we  used  an  mCherry  gene  under  the  control  of  a  strong,  synthetic, 
IPTG-inducible  promoter  (T5)  that  was  knocked  into  the  chro¬ 
mosome  of  an  E.  coli  strain  carrying  a  chromosomally  integrated 
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FIG  1  Enumeration  of  persister  and  VBNC  levels  in  exponential-phase  cultures.  (A)  Wild-type  live  and  dead  cells  (sonicated  or  ethanol  treated)  stained  with 
SYT09/PI  were  analyzed  by  flow  cytometry  to  determine  the  live  and  dead  cell  regions.  (B  and  C)  Exponential-phase  cells  were  treated  with  AMP  for  5  h,  and 
samples  were  taken  before  and  after  the  treatment  for  staining  with  SYT09/PI.  (D)  Similarly,  mCherry-expressing  live  and  dead  (sonicated)  cells  (MOOOl)  were 
analyzed  by  flow  cytometry  to  determine  the  live  and  dead  cell  cell  counts.  (E  and  F)  Samples  taken  before  and  after  the  AMP  treatment  were  assayed  with  flow 
cytometry.  K  indicates  the  cell  count  values  ( y  axis)  should  be  multiplied  by  1,000.  (G)  VBNC  and  persister  levels  were  monitored  in  both  wild-type  and  MOOOl 
cell  types  for  5  h  during  the  AMP  treatment.  Significant  differences  were  not  observed  when  persister  levels  (P  >  0.30)  or  VBNC  levels  (P  >  0.90)  of  wild-type 
and  MOOOl  strains  were  compared  after  5  h  of  AMP  treatment.  (H)  VBNC  and  persister  levels  of  hipA7  mutant  were  monitored  for  5  h  during  the  AMP 
treatment.  A  significant  difference  between  wild-type  and  hipA7  strains  was  not  observed  when  VBNC  levels  (P  >  0.10)  were  compared  after  5  h  of  AMP 
treatment;  however,  persister  levels  were  significantly  higher  in  the  hipA7  strain  than  wild-type  (P  <  0.001).  CFU  were  enumerated  from  antibiotic-treated 
samples  by  plating  on  LB  agar,  whereas  live  cells  were  enumerated  by  counting  the  unlysed  cells  using  flow  cytometry  as  a  function  of  time.  Error  bars  indicate 
the  standard  errors  of  the  means. 


LacP  promoter  mutation  (MOOOl)  (10).  IPTG  was  applied  to 
induce  mCherry  expression  during  both  the  overnight  and  expo¬ 
nential  growth  period  to  maintain  the  high  fluorescent  signals  of 
unlysed  cells.  As  a  control,  exponential-phase  MOOOl  cells  ex¬ 
pressing  mCherry  were  sonicated  to  lyse  the  population  and  de¬ 
termine  the  region  of  lysed  cells  on  the  flow  diagram  (Fig.  ID), 
which  was  consistent  with  that  of  AMP-treated  cells  (Fig.  IE  and 
F).  Using  this  technique,  the  level  of  live  cells  in  exponential 
MOOOl  cultures  was  monitored  for  5  h  during  AMP  treatment 
and  found  to  be  statistically  indistinguishable  from  the  level  of  live 
cells  in  wild-type  cultures,  as  enumerated  with  SYTO/PI  (Fig.  1G). 
Further,  persister  levels  of  wild- type  and  MOOOl  cells  were  statis¬ 
tically  indistinguishable  (Fig.  1G),  and  when  cells  from  the  live 


subpopulation  of  an  antibiotic-treated  MOOOl  cell  culture  were 
sorted,  only  0.59%  ±  0.21%  of  those  cells  regrew,  a  result  that  was 
consistent  with  the  2  orders  of  magnitude  difference  observed 
between  the  levels  of  live  cells  and  persisters  when  using  LIVE/ 
DEAD  staining  (see  Fig.  S2  in  the  supplemental  material).  These 
results  demonstrated  that  AMP-treated  wild-type  cultures  con¬ 
tain  significantly  more  VBNCs  than  persisters.  We  also  performed 
analogous  experiments  with  a  hipA7  mutant  and  found  that  the 
level  of  VBNCs  was  comparable  to  that  of  the  wild  type,  whereas 
the  level  of  persisters  was  over  an  order  of  magnitude  higher  (Fig. 
1H).  This  result  agrees  with  a  previous  study  that  demonstrated 
that  the  AMP  lysis  technique  was  insufficient  to  isolate  persisters 
from  hipA7  cultures  (7). 
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To  determine  whether  VBNCs  may  be  problematic  for  per- 
sister  isolation  from  untreated  cultures,  we  measured  the  propor¬ 
tions  of  normal  cells,  dead  cells,  VBNCs,  and  persisters  in  wild- 
type  cultures  prior  to  antibiotic  treatment.  Using  single-cell-mode 
FACS,  single  cells  were  delivered  to  individual  wells  of  96-well 
plates  filled  with  LB  agar.  Wells  that  produced  a  colony  arise  from 
a  normal  cell  or  persister,  whereas  wells  without  a  colony  received 
either  a  dead  cell  or  VBNC.  The  frequency  of  dead  cells  was  quan¬ 
tified  using  LIVE/DEAD  staining,  and  the  frequency  of  persisters 
was  quantified  in  antibiotic  tolerance  assays.  With  this  combina¬ 
tion  of  assays,  each  subpopulation  could  be  quantified,  and  the 
results  are  presented  in  Table  SI  of  the  supplemental  material. 
Notably,  we  observed  that  VBNCs  were  far  more  abundant  than 
persisters  in  untreated  wild-type  samples.  When  analogous  exper¬ 
iments  were  performed  on  the  hipA7  mutant,  the  proportions  of 
normal  cells,  dead  cells,  and  VBNCs  were  comparable  to  that  of 
the  wild  type,  whereas  the  proportion  of  persisters  was  over  an 
order  of  magnitude  higher  (Fig.  1H;  see  also  Table  SI  in  the  sup¬ 
plemental  material).  These  data  demonstrated  that  VBNCs  are 
more  abundant  than  persisters  in  untreated  cultures  and  con¬ 
firmed  that,  similar  to  the  (3-lactam  technique  (15,  20),  methods 
for  persister  isolation  from  untreated  samples  are  also  compli¬ 
cated  by  the  presence  ofVBNCs  (11). 

VBNCs  exhibit  significantly  reduced  metabolic  activity.  Al¬ 
though  VBNCs  preserve  their  membrane  integrity,  it  remained 
unclear  whether  VBNCs  exhibited  significant  metabolic  activity. 
If  VBNCs  were  metabolically  inactive,  AMP-treated  samples 
might  still  be  useful  for  measurement  of  persister  metabolic  activ¬ 
ities.  To  determine  whether  AMP-treated  samples  exhibited  met¬ 
abolic  activity,  we  adapted  an  assay  that  uses  a  water-soluble  tet- 
razolium  salt  (WST-1)  in  conjunction  with  an  electron  mediator 
(2-methyl- 1,4-naphthoquinone)  to  facilitate  dye  reduction  (see 
Materials  and  Methods).  WST-1  is  reduced  extracellularly  to  its 
soluble  formazan  by  electron  transport  across  the  membrane  of 
metabolically  active  cells  (19,  24).  The  color  change  during  form¬ 
azan  production  can  be  detected  by  absorbance  measurements, 
which  correlate  with  the  cellular  dehydrogenase  and  reductase 
activities  (24).  This  method  enabled  us  to  test  numerous  carbon 
sources  simultaneously. 

To  measure  metabolic  activity  from  AMP-treated  samples, 
cells  were  washed  in  M9  minimal  medium  without  a  carbon 
source  to  remove  LB,  and  approximately  1  X  107  nonlysed  cells 
(VBNCs  plus  persisters)  were  incubated  in  100  pd/well  M9  me¬ 
dium  containing  various  carbon  sources  (60  mM  carbon)  in  a 
96-well  plate.  AMP  at  100  (xg/ml  was  also  added  to  prevent  growth 
resumption.  A  carbon  source-free  control  was  used  to  measure  the 
background  reduction  of  the  water-soluble  tetrazolium  salt  by  the 
different  cell  suspensions.  When  absorbance  measurements  were 
taken  at  the  indicated  time  points  (Fig.  2A),  the  nonlysed  cells 
could  metabolize  several  of  the  carbon  sources  tested,  including 
glycerol,  glucose,  mannitol,  fructose,  and  succinate  (see  Fig.  S3  in 
the  supplemental  material  for  all  carbon  sources  tested).  To  verify 
that  debris  from  lysed  cells  was  not  responsible  for  the  measured 
WST-1  reduction,  we  measured  the  metabolic  activities  of  sam¬ 
ples  that  were  lysed  by  a  sonication  procedure  that  did  not  dena¬ 
ture  proteins  (see  Fig.  S4  in  the  supplemental  material),  and  we 
found  that  cell  debris  was  an  insignificant  source  of  formazan 
production  (see  Fig.  S4).  However,  it  was  unclear  whether  VBNCs 
or  persisters  were  responsible  for  the  observed  metabolic  activity. 
Although  the  VBNC  levels  were  ~2  orders  of  magnitude  higher 


than  persister  levels,  the  VBNCs  could  have  been  far  less  metabol¬ 
ically  active.  Therefore,  we  sought  to  measure  metabolic  activity 
from  samples  where  the  abundance  of  one  cell  type  was  approxi¬ 
mately  constant  and  the  abundance  of  the  other  cell  type  was 
altered  by  orders  of  magnitude.  Interestingly,  when  exponential- 
phase  cells  were  treated  with  200  |xg/ml  AMP  for  20  h,  VBNC 
levels  did  not  change,  whereas  persister  levels  decreased  by  ~  100- 
fold  (Fig.  2C  and  D).  This  phenomenon  allowed  determination  of 
whether  the  metabolic  signal  obtained  from  AMP-treated  samples 
was  from  VBNCs  or  persisters.  As  depicted  in  Fig.  2A,  B,  and  E, 
20-h  AMP-treated  samples  displayed  a  metabolic  activity  that  was 
strikingly  similar  to  that  obtained  from  5-h  AMP-treated  samples 
(see  Fig.  S3  in  the  supplemental  material  for  all  carbon  sources 
tested).  This  experiment  suggested  that  the  metabolic  activity  of 
AMP-lysed  cultures  is  dominated  by  VBNCs  that  mask  the  con¬ 
tribution  by  persisters.  To  ensure  that  the  WST-1  absorbance 
measurements  showed  metabolic  activity,  VBNCs  from  mutants 
that  cannot  utilize  glycerol  and  glucose,  A glpK  AgldA  and  AptsI, 
respectively  (see  Fig.  S5  in  the  supplemental  material),  were  as¬ 
sayed  for  their  ability  to  reduce  WST- 1 .  As  depicted  in  Fig.  2F  and 
G,  VBNCs  from  the  A  glpK  AgldA  mutants  were  unable  to  reduce 
WST-1  in  the  presence  of  glycerol,  whereas  VBNCs  from  A ptsl 
mutants  were  unable  to  reduce  WST-1  in  the  presence  of  glucose. 

Since  the  WST-1  assay  as  applied  to  AMP-treated  samples  in¬ 
dicates  VBNC  metabolism,  we  compared  the  metabolism  of 
VBNCs  with  that  of  stationary-  and  exponential-phase  cells  from 
the  same  cultures.  Overnight  cells,  exponential-phase  cells  (before 
AMP  treatment),  and  VBNCs  (after  AMP  treatment)  were  simi¬ 
larly  incubated  in  M9  minimal  medium  as  described  above.  We 
defined  the  metabolic  activity  rates  as  the  slopes  of  the  A438  during 
the  first  2  h  of  incubation  with  WST-1.  As  shown  in  Fig.  3,  VBNC 
metabolism  was  significantly  reduced  (approximately  5-fold  and 
2-fold  compared  to  exponential-  and  stationary-phase  cells,  re¬ 
spectively)  but  surprisingly  similar  to  that  of  exponential-  and 
stationary-phase  cells.  Glucose,  glycerol,  mannitol,  and  fructose 
were  highly  utilized  by  all  three  cell  types. 

Aminoglycoside  potentiation  can  identify  persister  meta¬ 
bolic  activities.  Since  VBNCs  are  orders  of  magnitude  more 
abundant  than  persisters  and  these  nonlysed  cells  have  metabolic 
activity,  the  metabolic  activity  of  persisters  could  not  be  assayed  by 
the  WST-1  method.  The  inability  to  isolate  persisters  to  homoge¬ 
neity,  either  from  normally  growing  or  antibiotic-treated  cultures, 
precludes  direct  measurement  of  persister  metabolism.  The  dis¬ 
tinguishing  characteristic  of  persisters  that  is  not  shared  with 
other  cell  types  (e.g.,  normal,  dead,  or  VBNCs)  is  an  enhanced 
ability  to  tolerate  antibiotic  treatment  (second  regimen  of  a  bipha- 
sic  kill  curve)  followed  by  resumption  of  growth  on  standard  me¬ 
dia.  Recently,  we  discovered  that  persisters  can  metabolize  specific 
carbon  sources  and  become  susceptible  to  AG  (2).  AG  suscepti¬ 
bility  was  conferred  by  increased  AG  uptake,  facilitated  by  catab¬ 
olism  of  carbon  sources  to  generate  a  proton  motive  force.  Nota¬ 
bly,  persister  killing  could  be  eliminated  through  perturbations  to 
the  respiratory  chain,  including  treatment  with  KCN,  which 
blocks  cytochrome  oxidoreductase  activity.  Since  AG  potentiation 
is  measured  by  a  reduction  in  CFU,  it  provided  an  opportunity  to 
measure  persister  metabolism  in  antibiotic-treated  samples, 
where  persisters  are  the  only  cell  type  capable  of  colony  formation 
on  standard  media. 

To  adapt  the  AG  potentiation  phenomenon  for  the  purpose  of 
rapidly  measuring  persister  metabolism,  we  sought  to  (i)  identify 
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FIG  2  Metabolic  activity  measurements  of  ampicillin-treated  cultures.  (A)  Live  cells  (VBNCs  and  persisters)  after  5  h  of  AMP  treatment  were  incubated  in  M9 
minimal  medium  with  various  carbon  sources,  WST-1,  and  an  electron  mediator  in  96-well  plates,  and  absorbance  (A43s)  was  measured  at  the  indicated  time 
points.  (B)  Similarly,  absorbance  was  measured  from  20-h  AMP-treated  cultures.  (C  to  E)  Persister  and  VBNC  levels,  as  well  as  absorbance  measurements  from 
5-  and  20-h  AMP-treated  samples,  were  compared.  Persister  levels  were  significantly  different  (P  <  0.001),  whereas  VBNC  levels  and  absorbance  measurements 
for  both  cultures  were  similar  (P  >  0.5).  VBNCs  were  enumerated  by  counting  mCherry-positive  cells  in  the  antibiotic-treated  samples  using  flow  cytometry.  (F 
and  G)  A gldA  AglpK  and  A ptsl  cells  after  5  h  of  AMP  treatment  were  incubated  in  M9  minimal  medium  with  glycerol,  glucose,  or  no  carbon  (control),  and 
absorbance  was  measured  at  the  indicated  time  points.  Error  bars  indicate  the  standard  errors  of  the  means. 


conditions  where  many  metabolites  could  be  assayed  in  a  single 
experiment  without  the  need  for  wash  steps  and  (ii)  confirm  that 
the  assay  results  were  attributable  to  persister  metabolism.  To  ac¬ 
complish  the  first  task,  the  AG  assay  was  scaled  to  a  96-well  plate 
filled  with  100- pi  culture  volumes  and  25  p.g/ml  of  KAN  (see 
Materials  and  Methods).  After  exponential-phase  cells  in  LB  were 
treated  with  AMP  for  5  h,  cells  were  washed  and  incubated  with 
KAN  in  M9  minimal  medium  with  different  carbon  sources  (60 
mM  carbon).  To  confirm  that  persisters  remained  nonreplicative 
and  retained  their  antibiotic  tolerance,  AMP  was  used  as  a  control 
(Fig.  4A).  To  confirm  that  the  same  AG  potentiation  phenomenon 
was  being  measured,  KCN  was  used  to  block  respiration  and  pro¬ 


ton  motive  force  generation.  In  addition,  a  control  that  provided 
no  carbon  source  was  used  to  measure  inherent  AG  activity,  from 
which  enhancements  from  metabolite  exposure  could  be  quanti¬ 
fied  (Fig.  4A).  Results  from  this  assay  (Fig.  4B)  demonstrated  that 
glycerol  and  glucose  efficiently  potentiated  AG  activity  in  AMP 
persisters  from  exponential-phase  cultures  (see  Fig.  S6A  in  the 
supplemental  material  for  the  potentiation  of  other  carbon 
sources).  To  demonstrate  that  this  assay  measured  metabolic  ac¬ 
tivity,  we  confirmed  that  AG  potentiation  by  glycerol  was  elimi¬ 
nated  in  the  A gldA  AglpK  strain  and  AG  potentiation  by  glucose 
was  eliminated  in  the  Aptsl  strain  (Fig.  4C). 

To  accomplish  the  second  task,  we  sought  to  confirm  that  the 
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FIG  3  Comparison  of  metabolic  activities  of  exponential-  and  stationary-phase  cells  and  VBNCs.  Stationary-  and  exponential-phase  cells  as  well  as  VBNCs  from 
5-h  AMP-treated  exponential-phase  cultures  were  incubated  in  M9  minimal  medium  with  various  carbon  sources,  and  absorbance  was  measured  during  the  first 
2  h  of  incubation  with  WST-1  and  an  electron  mediator.  Metabolic  activity  rates  were  defined  as  the  slopes  of  absorbance  curves  during  the  first  2  h  (n  is  the 
number  of  total  live  cells  determined  by  flow  cytometry).  In  each  group,  metabolic  activity  rates  with  different  carbon  sources  were  compared  to  baseline  values 
(no-carbon  control)  by  using  the  t  test.  Error  bars  indicate  the  standard  errors  of  the  means. 
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dead  cells  and  VBNCs  in  antibiotic-treated  samples  were  not  in¬ 
fluencing  assay  results.  We  reasoned  that  since  VBNCs  are  the 
dominant  metabolically  active  subpopulation  in  antibiotic- 
treated  samples,  it  was  possible  that  they  might  consume  a  carbon 
source  and  generate  a  product  that  would  potentiate  AG  activity  in 
persisters,  thus  interfering  with  interpretation  of  assay  results.  To 
determine  if  such  a  phenomenon  was  present,  we  performed  com¬ 
petition  assays  where  antibiotic-treated  samples  of  the  wild  type 
and  mutants  (A gldA  AglpK  or  AptsI)  were  mixed  so  as  to  obtain  an 
approximate  50/50  proportion  of  persisters  (see  Materials  and 
Methods).  The  mixed  samples  were  then  assayed  for  AG  potenti¬ 
ation  with  the  differentiating  carbon  source.  If  persisters  were  not 
influenced  by  surrounding  cells,  treatment  of  wild-type  and  A gldA 
AglpK  samples  with  glycerol  and  KAN  or  wild-type  and  AptsI  sam¬ 
ples  with  glucose  and  KAN  would  yield  a  2-fold  reduction  in  the 
persister  level,  and  all  remaining  persisters  would  be  A  gldA  AglpK 
or  AptsI.  In  wild-type  plus  A gldA  AglpK  samples,  upon  glycerol 
and  KAN  treatment  all  remaining  CFU  were  A gldA  AglpK,  but  a 
significant  portion  of  A gldA  AglpK  persisters  were  eliminated  (10- 
fold  reduction)  (Fig.  5A).  With  the  controls,  we  found  that  AMP 
failed  to  eliminate  persisters,  and  KCN  prevented  AG-dependent 
killing.  These  data  demonstrated  that  wild-type  persisters  were  far 
more  susceptible  to  AG  potentiation  with  glycerol  than  A gldA 
AglpK  cells  in  mixed  samples,  and  we  identified  an  interesting 
phenomenon  that  was  not  apparent  in  the  sole  A  gldA  AglpK  cul¬ 
tures.  Elimination  of  A gldA  AglpK  persisters  by  glycerol  and  KAN 
in  mixed  samples  may  be  attributable  to  any  subpopulation  within 
the  wild-type  sample  (dead,  VBNC,  or  persister  cells),  since  assays 
performed  without  those  cells  failed  to  reduce  CFU  (Fig.  4C).  We 
reasoned  that  reducing  the  total  cell  density  of  the  assay  would 
minimize  the  effects  of  surrounding  cells  and  enhance  the  direct 
effect  of  the  carbon  source  on  persisters.  As  demonstrated  in  Fig. 
5B,  a  10-fold  reduction  in  cell  density  yielded  conditions  under 
which  all  wild-type  persisters  in  a  mixed  sample  were  eliminated 
by  glycerol  and  KAN,  whereas  all  A gldA  AglpK  persisters  survived. 
These  data  demonstrated  assay  conditions  that  exclusively  re¬ 
ported  persister  metabolic  activity,  since  persisters  must  consume 
the  carbon  source  and  drive  respiration  in  order  to  be  eliminated, 


and  all  surviving  persisters  were  those  unable  to  metabolize  the 
carbon  source.  When  these  experiments  were  performed  with 
wild-type  plus  AptsI  samples  (Fig.  5C  and  D),  a  significant  elimi¬ 
nation  of  A ptsl  persisters  by  glucose  and  KAN  was  not  observed 
under  the  assay  conditions  with  a  high  or  low  cell  density,  verify¬ 
ing  that  persisters  consume  glucose  to  potentiate  AG  activity. 

Since  the  low-density  assay  was  not  amenable  to  high-through- 
put  screening,  due  to  the  need  for  wash  steps  to  remove  KAN,  we 
used  the  high-density  assay  as  a  prescreen,  to  identify  carbon 
sources  with  the  potential  to  be  metabolized  by  persisters,  fol¬ 
lowed  by  the  low-density  assay  for  a  conclusive  demonstration  of 
persister  metabolism.  We  noted  that  carbon  sources  that  did  not 
reduce  CFU  in  the  high-density  assay  also  failed  to  reduce  CFU  in 
the  low-density  assay,  as  confirmed  with  malate  and  gluconate 
(Fig.  5E). 

Glycerol  and  glucose  are  the  most  desirable  carbon  sources 
in  different  persisters.  Due  to  recent  literature  suggesting  heter¬ 
ogeneity  in  persister  populations  (6,  8,  25),  we  sought  to  measure 
the  metabolic  activity  of  OFX  persisters  obtained  from  exponen¬ 
tial-phase  cultures.  Exponential-phase  cells  were  treated  with 
OFX  for  5  h  (Fig.  6A),  and  then  the  high-density  AG  potentiation 
assay  was  performed  as  described  above.  We  confirmed  that  OFX 
persisters  remained  nonreplicative,  AG  potentiation  was  elimi¬ 
nated  by  blocking  respiration  with  KCN  (Fig.  6B),  and  that  the  AG 
potentiation  reflected  metabolic  activity  (Fig.  6C  and  D).  We  ob¬ 
served  that  glycerol  and  glucose  most  strongly  potentiated  AG 
activity  in  both  AMP  and  OFX  persisters  obtained  from  exponen¬ 
tial-phase  cultures  (Fig.  4B  and  6C).  Furthermore,  AG  potentia¬ 
tion  largely  eliminated  OFX  persisters  when  mannitol,  pyruvate, 
succinate,  or  fructose  was  present  (Fig.  6C;  see  also  Fig.  S6B  in  the 
supplemental  material).  For  glucose  and  glycerol,  we  confirmed 
with  the  low-density  assay  that  persisters  metabolized  these  sub¬ 
strates  (see  Fig.  S7  in  the  supplemental  material). 

To  understand  how  persister  metabolism  varies  as  a  function 
of  growth  stage,  we  applied  the  AG  potentiation  assay  to  station¬ 
ary-phase  persisters  obtained  after  5  h  of  OFX  treatment  of  over¬ 
night  cells.  Among  the  tested  carbon  sources,  malate,  fumarate, 
succinate,  lactose,  arabinose  and  gluconate  did  not  potentiate  the 
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FIG  4  AG  potentiation  assay  for  ampicillin  persisters.  (A)  After  exponential-phase  cells  were  treated  with  AMP  for  5  h,  cells  were  incubated  with  KAN  (25  pg/ml) 
in  M9  minimal  medium  with  different  carbon  sources  using  96-well  plates.  For  controls,  AMP  (100  pg/ml)  and  KCN  (1  mM)  were  used.  AMP  is  required  to 
confirm  that  persisters  are  nonreplicative  in  M9-minimal  medium,  whereas  KCN  blocks  respiration  and  eliminates  AG  potentiation.  (B)  The  survival  fraction 
was  monitored  based  on  CFU.  (C)  Similarly,  A gldA  kglpK  (deficient  in  glycerol  utilization)  and  A ptsl  (deficient  in  glucose  utilization)  persisters  were  incubated 
with  KAN  in  M9  minimal  medium,  and  the  survival  fraction  was  monitored.  Error  bars  indicate  the  standard  errors  of  the  means. 


AG  activity  (see  Fig.  S8  in  the  supplemental  material).  However, 
glycerol,  pyruvate,  mannitol,  or  glucose,  or  to  a  lesser  extent  fruc¬ 
tose,  efficiently  potentiated  AG  activity  (Fig.  7).  This  was  in  con¬ 
trast  to  the  results  from  exponential-phase  persisters,  where  only 
glycerol  and  glucose  were  the  major  carbon  sources  to  potentiate 
AG  activity  in  persisters.  For  glucose  and  glycerol,  we  confirmed 
with  the  low-density  assay  that  stationary-phase  OFX  persisters 
metabolized  these  substrates  (see  Fig.  S9  in  the  supplemental  ma¬ 
terial).  These  potentiation  substrates  differed  slightly  from  those 
identified  previously  (2),  and  this  difference  was  likely  caused  by 
the  assay  conditions,  which  included  100- pi  samples  treated  in  a 
96-well  plate.  For  example,  increased  AG  activity  in  glycerol  sam¬ 
ples  identified  here  might  have  been  due  to  more  efficient  oxygen¬ 
ation,  since  the  glycerol  degradation  pathway  requires  glycerol-3- 
phosphate  dehydrogenase,  an  aerobic  respiratory  enzyme  that 
catalyzes  the  oxidation  of  glycerol-3-phosphate  to  dihydroxyac- 
etone  phosphate. 

The  AG  metabolic  assay  can  be  successfully  applied  to  phe¬ 
notype  microarrays.  We  demonstrated  that  the  AG  potentiation 
method  provides  information  regarding  the  metabolic  capabilities 
of  persisters,  and  we  wanted  to  translate  the  high-density  portion 
of  the  assay  to  a  high-throughput  screening  format.  Using  a  PM 
with  stationary-phase  persisters  to  OFX  (5-h  treatment),  we  tested 
95  different  carbon  sources  in  a  high-throughput  manner  to  iden¬ 


tify  substrates  that  persisters  catabolized  for  respiratory  activity 
(Fig.  8).  The  controls  included  a  cell  suspension  without  any  me¬ 
tabolite  but  including  KAN  (Fig.  8,  box  with  bold  outline)  and 
analogous  plates  treated  with  KAN  plus  KCN  or  AMP  only.  All 
controls  produced  negligible  killing  of  persisters  (data  not 
shown).  We  identified  that  glycerol,  glucose,  glycerol  phosphate, 
glucose-6-phosphate,  and  glucose- 1 -phosphate  all  effectively  po¬ 
tentiated  AG  activity  in  persisters.  The  carbon  sources  mannose, 
fructose,  sorbitol,  pyruvate,  methyl  pyruvate,  lactate,  and  acetate 
potentiated  AG  activity  in  comparison  to  the  no-carbon  control, 
but  did  so  less  effectively  than  glucose  and  glycerol.  Further,  this 
assay  showed  that  thymidine,  uridine,  and  inosine  could  potenti¬ 
ate  AG  activity  in  persisters,  suggesting  that  persisters  may  have  an 
active  nucleotide  salvage  pathway  (Fig.  8). 

After  demonstrating  that  phenotype  arrays  could  be  used  to 
perform  the  high-density  assay,  we  sought  to  determine  whether 
growth  of  normal  cells  on  a  substrate  was  predictive  of  AG  poten¬ 
tiation  in  persisters.  Therefore,  we  measured  the  ability  of  normal 
cells  to  grow  in  the  PM  plate  and  compared  those  results  to  AG 
potentiation  results  from  persisters.  As  depicted  in  Table  S2  of  the 
supplemental  material,  there  does  appear  to  be  a  slight  depen¬ 
dency  between  the  ability  of  a  metabolite  to  support  normal  cell 
growth  and  to  potentiate  AG  against  persisters.  However,  al¬ 
though  normal  cells  can  utilize  maltriose  as  efficiently  as  glucose, 
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FIG  5  Competition  assay.  (A)  After  5  h  of  treatment  of  exponential-phase  cells  with  AMP,  wild-type  only,  Ag/rM  Ag/pIC  only,  and  mixed  cell  cultures 
(approximate  50/50  proportion  of  persisters)  were  treated  for  2  h  as  indicated.  (B)  The  same  experiments  were  repeated  following  a  10-fold  reduction  in  cell 
densities.  (C  and  D)  Similar  experiments  were  performed  for  wild-type  and  A ptsl  at  both  high  (C)  and  low  (D)  cell  densities.  When  KCN  was  used  with  KAN  or 
a  carbon  source  was  absent,  AG  potentiation  was  eliminated.  AMP  confirmed  that  persisters  are  nonreplicative  in  M9-minimal  medium.  (E)  AG  potentiation  of 
various  carbon  sources  was  tested  in  low-cell-density  assays.  Note  that,  in  low-cell-density  assays,  no  detectable  CFU  were  counted  after  2  h  of  treatment  with 
KAN  and  glycerol  (B  and  E).  Mixed  cultures  had  the  same  number  of  wild-type  persisters  as  wild-type-only  cultures  and  the  same  number  of  mutant  persisters 
as  mutant-only  cultures.  Error  bars  indicate  the  standard  errors  of  the  means. 


glycerol,  and  glucose-6-phosphate  for  growth,  this  substrate  can¬ 
not  effectively  potentiate  AG  activity  in  persisters.  Further,  spe¬ 
cific  substrates,  such  as  methyl  pyruvate  and  acetic  acid,  were  poor 
growth  substrates  but  led  to  significant  potentiation  of  AG  in  per¬ 
sisters.  This  interesting  phenomenon,  which  has  not  been  ob¬ 
served  previously,  might  be  clinically  desirable,  since  until  now  the 
AG  adjuvants  identified  have  all  been  able  to  support  rapid  bacte¬ 
rial  growth. 

DISCUSSION 

Recent  studies  have  found  that  persisters  can  be  eliminated  by 
targeting  their  metabolism  (2,  3).  Persisters  are  arguably  the  most 
clinically  important  cell  type  in  an  antibiotic-treated  culture,  since 
they  are  the  only  cell  type  capable  of  resuming  growth  once  anti¬ 
biotics  have  killed  all  normal  cells  and  been  removed  from  the 
system.  Increased  knowledge  and  understanding  of  persister  me¬ 
tabolism  will  facilitate  the  development  of  antipersister  therapies 


that  increase  antibiotic  activity  in  persisters,  disrupt  persister  ho¬ 
meostasis,  and/or  promote  exit  from  the  phenotype.  However, 
measurement  of  persister  metabolism  is  difficult  and  must  be  per¬ 
formed  under  experimental  conditions  where  alternative  cell 
types  (e.g.,  normal  cells  and  VBNCs)  do  not  interfere  with  mea¬ 
surements.  Unfortunately,  current  isolation  techniques  do  not 
provide  the  purity  necessary  to  perform  metabolic  measurements 
directly.  The  method  of  Shah  and  colleagues  produced  persister 
samples  where  ~70%  of  the  population  was  not  antibiotic  toler¬ 
ant  (11).  Further,  the  abundance  of  persisters  in  their  normal  cell 
sample  (~2%)  was  approximately  100-fold  higher  than  the  level 
that  is  commonly  observed  from  exponentially  growing  wild-type 
E.  coli  in  rich  media  (10,  26).  This  suggests  that  the  antibiotic 
tolerance  measured  by  Shah  and  colleagues  did  not  reflect  the 
persistence  phenotype.  The  (3-lactam  isolation  method  of  Keren 
and  colleagues  (15),  which  we  have  shown  here,  produces  orders 
of  magnitude  more  VBNCs  than  persisters,  and  the  VBNCs  retain 
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FIG  6  AG  potentiation  assay  for  ofloxacin  persisters.  (A  to  C)  OFX  persisters  (5-h  treatment)  (A)  were  similarly  incubated  with  KAN  in  M9  minimal  medium 
with  different  carbon  sources,  and  the  survival  fraction  was  monitored  by  CFU  (B  and  C).  For  controls,  AMP  only,  OFX  only,  or  both  KCN  and  KAN  were  used 
(B).  (D)  Survival  fractions  for  A gldA  AglpK  and  A ptsl  persisters  were  monitored  during  the  AG  potentiation  assay.  Error  bars  indicate  the  standard  errors  of  the 
means. 


sufficient  metabolic  activity  to  preclude  direct  measurement  of 
persister  metabolism  from  the  samples.  Microscopy-based  tech¬ 
niques  applied  to  characterize  the  persister  physiology  (27, 28)  are 
also  difficult  to  use  for  isolation  due  to  the  similarities  between 
persisters  and  VBNCs.  Both  cell  types  stain  as  live  cells,  retain 
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— •—  Glycerol 
♦  Pyruvate 
— • —  Mannitol 
- -  No  Carbon 


Time  (h) 


FIG  7  Metabolic  properties  of  stationary-phase  persisters.  After  stationary- 
phase  cells  were  treated  with  OFX  for  5  h,  cells  were  incubated  with  KAN  in  M9 
minimal  medium  with  different  carbon  sources,  and  the  survival  fraction  was 
monitored  based  on  CFU.  Error  bars  indicate  the  standard  errors  of  the  means. 


metabolic  activity,  and  often  appear  as  nongrowing.  The  main 
distinction  between  persisters  and  VBNCs  is  the  ability  of  persist¬ 
ers  to  resume  normal  growth  after  antibiotic  treatment.  However, 
upon  growth  resumption,  the  cell  is  no  longer  a  persister,  and  thus 
experimental  conditions  where  VBNCs  are  significantly  less  abun¬ 
dant  than  persisters  are  a  prerequisite  for  isolation  by  microscopy. 
Unfortunately,  we  also  demonstrated  here  that  under  normal  cul¬ 
turing  conditions,  VBNCs  are  in  much  greater  abundance  than 
persisters  in  untreated  samples. 

In  the  absence  of  high-fidelity  persister  isolation  techniques, 
any  phenotypic  measurement  of  persister  physiology  must  be 
based  on  their  ability  to  tolerate  antibiotics  and  resume  growth  on 
standard  media.  Inspired  by  the  phenomenon  of  metabolite-en¬ 
abled  AG  potentiation,  we  developed  a  high-throughput  method 
to  measure  persister  metabolism  that  is  not  influenced  by  the  pres¬ 
ence  of  other  cell  types,  including  VBNCs.  An  important  aspect  to 
note  is  that  the  standard  method  by  which  phenotype  microarrays 
measure  metabolic  activity  involves  reduction  of  a  water-soluble 
tetrazolium  salt  (29),  and  we  demonstrated  here  that  such  an  assay 
measures  VBNC  metabolism  and  not  the  metabolism  of  persisters 
in  antibiotic-treated  samples.  In  contrast,  AG  potentiation  mea¬ 
sures  the  metabolism  of  persisters,  because  it  is  based  on  a  loss  of 
culturability.  This  loss  in  culturability  of  persisters  may  arise  from 
cell  death  or  a  transition  to  the  VBNC  state,  which  are  both  pos¬ 
sible  outcomes.  Unfortunately,  distinguishing  between  these  out- 
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FIG  8  Persister  survival  fractions  determined  in  the  phenotype  microarray.  Stationary-phase  cells  treated  with  OFX  for  5  h  were  incubated  with  KAN  in  M9 
minimal  medium  with  different  carbon  sources  in  a  PM,  and  the  survival  fraction  was  monitored  based  on  CFU.  Note  that  in  each  cell,  the  first  number  indicates 
the  first-hour  survival  fraction,  and  the  second  number  indicates  the  second-hour  survival  fraction.  Black,  second-hour  survival  fraction  <  0.01;  dark  grey, 
0.0 1  <  second-hour  survival  fraction  <  0.05;  light  grey,  0.05  <  second-hour  survival  fraction  <0.1.  The  no-carbon  control  is  highlighted  with  bold  outline.  Error 
bars  indicate  the  standard  errors  of  the  means. 


comes  is  not  technically  possible,  given  the  extremely  low  abun¬ 
dance  of  persisters  compared  to  VBNCs  and  dead  cells  in 
antibiotic-treated  samples  (see  Fig.  S10  in  the  supplemental  ma¬ 
terial)  .  However,  regardless  of  whether  a  persister  dies  or  becomes 
a  VBNC  by  AG  potentiation,  the  method  described  here  still  mea¬ 
sures  persister  metabolism,  since  either  transition  is  facilitated  by 
metabolic  events  within  persisters;  this  was  demonstrated  both 
genetically  with  knockouts  and  chemically  with  KCN. 

With  the  high-cell-density  AG  potentiation  assay,  we  rapidly 
tested  various  carbon  sources,  as  a  prescreen,  to  identify  those 
with  the  potential  to  be  metabolized  by  persisters.  We  then  per¬ 
formed  a  low- cell- density  AG  potentiation  assay  to  unambigu¬ 
ously  measure  persister  metabolism,  and  we  found  that  glycerol 
and  glucose  were  the  most  commonly  catabolized  carbon  sources. 
We  note  that  the  need  for  both  the  high-density  and  low-density 
AG  potentiation  assays  originated  from  the  scalability  of  the  high- 
density  assay  to  high-throughput  screening,  and  the  results  of  the 
competition  assay  (wild-type  and  mutant  mixed  samples),  where 
low-cell-density  conditions  demonstrated  that  all  surviving  per¬ 
sisters  were  those  that  could  not  metabolize  the  carbon  source  and 
that  all  persisters  that  could  not  metabolize  the  carbon  source 
survived  in  the  assay.  Though  we  did  not  identify  the  underlying 
cause  as  to  why  A gldA  AglpK  persisters  were  killed  in  the  presence 
of  glycerol,  KAN,  and  antibiotic- treated  wild-type  cells  under  high 


cell  density  conditions,  we  postulate  that  wild-type  VBNCs,  which 
are  the  dominant  metabolically  active  subpopulation  within  anti¬ 
biotic-treated  samples  (Fig.  2),  were  most  likely  metabolizing 
glycerol  and  excreting  a  substrate  that  A gldA  AglpK  could  con¬ 
sume  to  drive  respiration  and  AG  uptake.  The  absence  of  this 
phenomenon  for  AptsI  cells  in  mixed  culture  may  originate  from 
VBNCs  not  processing  glucose  to  a  product  that  potentiates  AG 
activity  in  AptsI  persisters. 

The  results  demonstrating  that  diverse  persister  populations 
(exponential-  and  stationary-phase  persisters;  AMP  and  OFX  per¬ 
sisters)  consume  glycerol  and  glucose  suggest  that  there  might  be 
an  active  core  metabolic  network  in  persisters  that  is  independent 
of  the  antibiotic  tolerance  mechanism  and  growth  stage,  suggest¬ 
ing  the  feasibility  of  a  universal  persister  elimination  strategy.  In 
addition,  we  identified  novel  carbon  sources  that  potentiate  AG 
activity  in  persisters,  including  mannose,  sorbitol,  acetic  acid,  lac¬ 
tic  acid,  methyl  pyruvate,  inosine,  thymidine,  and  uridine.  To 
confirm  that  persisters  metabolize  these  carbon  sources,  low-den¬ 
sity  assays  will  need  to  be  performed.  Of  these  carbon  sources, 
methyl  pyruvate  and  acetate  are  particularly  interesting,  since  they 
do  not  support  robust  growth  of  E.  coli  but  are  efficient  at  poten¬ 
tiating  the  activity  of  AGs  in  persisters.  Such  metabolic  adjuvants 
are  potentially  attractive,  as  they  would  not  facilitate  outgrowth  of 
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potential  survivors  after  the  majority  of  persisters  had  been  elim¬ 
inated. 

The  technique  presented  here  is  the  first  method  to  rapidly 
assay  persister  metabolism,  and  we  demonstrated  that  it  is  ame¬ 
nable  to  high-throughput  screening  through  the  use  of  phenotype 
microarrays.  This  assay,  which  includes  both  a  high-  and  low-cell- 
density  portion,  provides  a  platform  to  more  effectively  explore 
the  metabolic  potential  of  persisters  and  provides  data  in  the  form 
of  metabolic  input  (consumed  substrate)  and  output  (cyto¬ 
chrome  activity).  However,  the  network  between  input  and  out¬ 
put  in  persisters  is  not  delineated  with  this  assay.  To  explore  such 
connections  in  persisters,  genetic  knockouts  can  be  used  (2),  and 
we  performed  such  an  analysis  here  to  determine  that  GlpK  and 
not  GldA  was  responsible  for  glycerol  catabolism  in  persisters  (see 
Fig.  SI  1  in  the  supplemental  material).  To  comprehensively  iden¬ 
tify  the  active  metabolic  network  of  persisters,  the  metabolic  data 
can  be  analyzed  with  computational  approaches  to  identify  can¬ 
didate  networks  capable  of  generating  the  metabolic  output  from 
the  input.  These  candidate  networks  can  then  be  analyzed  to  iden¬ 
tify  genetic  perturbations  for  validation.  In  this  manner,  an  itera¬ 
tive  experimental  and  computational  approach  can  be  employed 
to  reconstruct  the  metabolic  networks  of  persisters  and  uncover 
novel  strategies  to  eliminate  persisters  as  a  source  of  chronic  and 
recurrent  infection. 
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Table  SI.  Dead,  VBNC  and  persister  levels  in  bacterial  cultures  before  and  after  the 
antibiotic  treatment. 


WT 

Before  antibiotic  treatment 

After  antibiotic  treatment 

Normal  cells  (%) 

88.42  ±3.40 

- 

Dead  cells  (%) 

6.84  ±0.93 

85.26  ±  5.89 

VBNCs  (%) 

4.68  ±2.55 

14.68  ±  5.89 

Persisters  (%) 

0.06  ±0.00 

0.06  ±  0.00 

hipA7 

Normal  cells  (%) 

87.66  ±0.90 

- 

Dead  cells  (%) 

5.56  ±  1.15 

91.74  ±  3.02 

VBNCs  (%) 

5.83  ±0.89 

7.3 1±  2.88 

Persisters  (%) 

0.95  ±0.21 

0.95  ±  0.21 

Table  S2.  Cell  growth  in  phenotype  microarray  (AOD60o  after  6  hours  of  incubation). 


Negative 

L-Arabinose 

N-Acetyl-D- 

D-Saccharic 

Succinic 

D- 

Galactose 

L-Aspartic 

L-Proline 

D-Alanine 

D-Trehalose 

D-Mannose 

Dulcitol 

control 

Glucosamine 

Acid 

Acid 

Acid 

O.OOiO.OO 

0.74±0.05 

1.13±0.07 

0.02i0.02 

0.47i0.11 

0.17i0.02 

0.31i0.06 

O.OOiO.OO 

0.09i0.04 

0.22i0.03 

0.28i0.04 

0.13i0.13 

D- 

D-Gluconic 

D,L-a-Glycerol 

L-Lactic 

L-Glutamic 

D-Serine 

D-Sorbitol 

Glycerol 

L-Fucose 

Glucoronic 

Acid 

P. 

D-Xylose 

Acid 

Formic  Acid 

D-Mannitol 

Acid 

Acid 

0.24±0.03 

0.35±0.03 

0.53i0.04 

0.38i0.03 

0.60i0.04 

0.55i0.06 

0.26i0.06 

0.45i0.04 

0.30i0.05 

O.OOiO.OO 

0.72±0.07 

O.OOiO.OO 

D-Glucose- 

D-Galactonic 

D,L-Malic 

Acid 

0.35i0.05 

L- 

a-D- 

6-Phosphate 

Acid-y- 

D-Ribose 

Tween  20 

Rhamnose 

Fructose 

Acetic  Acid 

Glucose 

Maltose 

D- 

Thymidine 

Lactone 

Melibiose 

0.60±0.03 

0.33±0.03 

0.07i0.01 

0.26i0.05 

0.13i0.03 

0.75i0.07 

0.08i0.03 

1.47i0.12 

0.49±0.02 

0.29±0.06 

0.32i0.05 

L- 

D-Aspartic 

D- 

1,2- 

a-Keto- 

a-Keto-Butyric 

a-Methyl-D- 

a-  D- 

Asparagine 

acid 

Glucosaminic 

Propanediol 

Tween  40 

Glutaric 

Acid 

Galactoside 

Lactose 

Lactulose 

Sucrose 

Uridine 

Acid 

Acid 

0.24±0.03 

O.OOiO.OO 

O.OOiO.OO 

O.OOiO.OO 

0.25i0.04 

0.26i0.07 

0.18i0.03 

0.39i0.05 

0.77i0.04 

O.OliO.Ol 

O.OOiO.OO 

0.24i0.02 

L_ 

m-Tartaric 

D-Glucose-1- 

D-Fructose- 

a-Hydroxy 

a-Hydroxy 

P-Methyl-D- 

2-Deoxy 

Glutamine 

Acid 

Phosphate 

6-Phosphate 

Tween  80 

Glutaric  A.- 

Butyric  Acid 

Glucoside 

Adonitol 

Maltotriose 

Adenosine 

Adenosine 

y-Lactone 

O.OliO.Ol 

0.05i0.03 

0.66i0.05 

0.62i0.07 

0.23i0.03 

0.02i0.01 

0.20i0.05 

0.13i0.03 

O.OliO.Ol 

1.00±0.07 

0.37i0.03 

0.27i0.02 

Glycyl-L- 

Aspartic 

Acid 

0.28±0.03 

Fumaric 

Bromo 

Glycolic 

Glyoxylic 

D- 

Citric  Acid 

O.OOiO.OO 

m-Inositol 

O.OOiO.OO 

D-Threonine 

O.OOiO.OO 

Acid 

0.34i0.07 

Succinic 

Acid 

0.21i0.04 

Propionic  Acid 

0.1  li0.04 

Mucic  Acid 

0.36i0.03 

Acid 

0.04i0.04 

Acid 

0.31±0.27 

Cellobiose 

O.OliO.Ol 

Inosine 

0.31i0.06 

Glycyl-L- 

Tricarballylic 

L-Alanyl- 

Acetoacetic 

N-Acetyl-P-D- 

Mono 

Methyl 

D-Malic 

Glutamic 

Acid 

L- Serine 

L-Threonine 

L-Alanine 

Glycine 

acid 

Mannosamine 

Methyl 

Pyruvate 

Acid 

L-Malic  Acid 

Acid 

Succinate 

0.19±0.05 

O.OliO.Ol 

0.39i0.05 

0.06i0.03 

0.30i0.05 

0.35i0.07 

0.03i0.02 

0.1  li0.04 

0.03i0.03 

0.02±0.02 

0.30i0.09 

0.33i0.09 

Glycyl-L- 

Proline 

p-Hydroxy 
Phenyl  Acetic 

m-Hydroxy 
Phenyl  Acetic 

L- 

Galactonic 

D- 

Galacturonic 

Phenylethyl 

2- 

Acid 

Acid 

Tyramine 

D-Psicose 

L-Lyxose 

Glucuronamide 

Pyruvic  acid 

Acid-y- 

Lactone 

Acid 

amine 

Aminoethanol 

0.25±0.01 

0.02i0.02 

O.OliO.Ol 

O.OOiO.OO 

O.OOiO.OO 

O.OOiO.OO 

0.02i0.02 

0.29i0.03 

0.31i0.06 

0.73±0.08 

O.OOiO.OO 

O.OOiO.OO 

9 


■♦—LB  only 
LB+Catalase 
LB+Pyruvate 

♦^LB+aKetoglutaric  acid 


Figure  SI.  Resuscitation  of  VBNCs.  Exponential  phase  cells  treated  with  ampicillin  for  5  hours 
were  plated  on  LB,  LB  +  pyruvate  (0.1%),  LB  +  a-ketoglutarate  (0.1%)  and  LB  +  catalase 
(2000U/  plate)  agar  plates  (replicated  3  times).  Error  bars  indicate  the  standard  error  of  the  mean. 
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Figure  S2.  Persister  frequency  in  live  cell  population  after  ampicillin  treatment. 

Approximately  10,000  mCherry  positive  cells  (live)  after  5  hour  ampicillin  treatment  were  sorted 
and  plated  on  LB  agar  to  count  CFUs  (persisters).  Ampicillin-treated  cultures  were  also  plated 
without  sorting,  and  the  number  of  live  cells  (mCherry  positive  cells)  was  enumerated  by  flow 
cytometry  with  fluorescent  counting  particles.  Error  bars  indicate  the  standard  error  of  the  mean. 
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Figure  S3.  Metabolic  activity  measurement  of  ampicillin-treated  cultures.  Live  cells 
(VBNCs  and  persisters)  after  5  hour  (A)  or  20  hour  (B)  ampicillin  treatment  were  incubated  in 
M9  minimal  media  with  various  carbon  sources,  WST-1  and  electron  mediator  by  using 
microplates,  and  absorbance  (A438)  was  measured  at  indicated  time  points.  Error  bars  indicate  the 
standard  error  of  the  mean. 
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Figure  S4.  Comparison  of  metabolic  activities  of  lysed  (sonicated)  and  exponential  phase 
cells.  Exponential  phase  MOOO 1  cultures  (2mL)  were  washed  and  diluted  in  M9  salt  solution  and 
sonicated  at  the  specified  amplitude  for  30  minutes  on  ice,  fluorescence  was  measured  before 
and  after  sonication  using  a  plate  reader  (560  nm  excitation,  610nm  emission)  (A).  Data 
indicated  that  10%  amplitude  failed  to  denature  mCherry,  but  mCherry  could  serve  as  an 
indicator  of  denaturation,  since  40%  amplitude  significantly  reduced  fluorescence.  Background 
was  fluorescence  of  sonicated  wild-type  cells  (non-mCherry  expressing)  during  exponential 
phase.  Fluorescence  intensities  measured  after  sonication  were  normalized  to  fluorescence 
intensities  of  unsonicated  MO001  cultures.  Both  sonicated  (10%  amplitude)  and  un-sonicated 
cells  chilled  on  ice  were  incubated  in  M9  media  with  various  carbon  sources  and  absorbance 


measurements  were  taken  at  indicated  time  points  (B  and  C).  Error  bars  indicate  the  standard 
error  of  the  mean. 
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Figure  S5.  Growth  curves  oiAgldA  AglpK  and  AptsI  in  minimal  media.  Overnight  cells  in  LB 
were  diluted  100-fold  in  M9  minimal  media  with  indicated  carbon  sources  (60mM  carbon)  in 
250mL  flask,  and  incubated  at  37°C  and  250rpm.  OD6oo  measurements  were  taken  at  indicated 
time  points.  Error  bars  indicate  the  standard  error  of  the  mean. 
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Figure  S6.  AG  potentiation  assay  for  exponential-phase  persisters.  After  exponential-phase 
cells  were  treated  with  ampicillin  (A)  or  ofloxacin  (B)  for  5  hours,  cells  were  incubated  with 
kanamaycin  (KAN)  (25pg/mL)  in  M9  minimal  media  with  different  carbon  sources  using  96- 
well  plates.  Changes  in  CFUs  were  monitored  during  the  2  hour  assay.  Error  bars  indicate  the 
standard  error  of  the  mean. 
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Figure  S7.  Competition  assay  for  exponential-phase  cells  treated  with  ofloxacin.  After  5 
hour  treatment  of  exponential  phase  cells  with  OFX,  wild-type  only,  AgldAAglpK  only  and 
mixed  cell  cultures  (approximately  50/50  proportion  of  persisters)  at  low  cell  densities  were 
treated  for  2  hours  with  KAN  and  glycerol  (A).  The  same  experiments  were  repeated  for  wild- 
type  and  Aptsl  cultures  (B).  When  KCN  was  used  with  KAN,  AG  potentiation  was  eliminated. 
Without  a  carbon  source,  all  cells  survived  in  the  presence  of  KAN.  AG  potentiation  of  various 
carbon  sources  was  tested  in  low  cell  density  assay  (C).  Note  that,  in  low  cell  density  assays,  no 
detectable  CFUs  were  counted  after  2  hour  of  treatment  with  KAN  and  glycerol  (A  and  C). 
Error  bars  indicate  the  standard  error  of  the  mean. 
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Figure  S8.  AG  potentiation  assay  for  stationary-phase  persisters.  After  stationary-phase  cells 
were  treated  with  OFX  for  5  hours,  cells  were  incubated  with  kanamycin  (KAN)  (25pg/mL)  in 
M9  minimal  media  with  different  carbon  sources  using  96-well  microplates.  Survival  fraction 
was  monitored  by  CFU.  Error  bars  indicate  the  standard  error  of  the  mean. 
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Figure  S9.  Competition  assay  for  stationary-phase  cells  treated  with  ofloxacin.  After  5  hour 
treatment  of  stationary-phase  cells  with  OFX,  wild-type  only,  AgldAAglpK  only  and  mixed  cell 
cultures  (50/50  proportion  of  persisters)  at  low  cell  densities  were  treated  with  KAN  and  glycerol 
for  2  hours  (A).  The  same  experiments  were  repeated  for  wild-type  and  Aptsl  cultures  (B).  AG 
potentiation  of  various  carbon  sources  was  tested  in  low  cell  density  assay  (C).  Error  bars 
indicate  the  standard  error  of  the  mean. 
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Figure  S10.  Enumeration  of  live  cells  during  AG  assay.  Ampicillin-treated  exponential  phase 
cells  were  treated  with  KAN  and  glucose  or  glycerol.  The  cells  were  stained  with  SYT09  and  PI 
after  2  hour  of  AG  treatment,  and  analyzed  by  flow  cytometry  to  enumerate  live  cells.  As  a 
control,  ampicillin-treated  cells  were  not  exposed  to  a  carbon  source  during  the  AG  treatment. 
Error  bars  indicate  the  standard  error  of  the  mean. 
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Figure  Sll.  Identification  of  active  glycerol  degradation  pathway  in  persisters.  Ampicillin 
and  ofloxacin  persisters  from  AgldA  and  AglpK  cell  types  at  exponential  phase  stage  were  treated 
with  kanamycin  in  M9  minimal  media  with  indicated  carbon  sources,  and  the  persister  survival 
fractions  were  monitored  for  2  hours.  Error  bars  indicate  the  standard  error  of  the  mean. 
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Dormancy  Is  Not  Necessary  or  Sufficient  for  Bacterial  Persistence 


Mehmet  A.  Orman,  Mark  P.  Brynildsen 

Department  of  Chemical  and  Biological  Engineering,  Princeton  University,  Princeton,  New  Jersey,  USA 

The  antibiotic  tolerances  of  bacterial  persisters  have  been  attributed  to  transient  dormancy.  While  persisters  have  been  observed 
to  be  growth  inhibited  prior  to  antibiotic  exposure,  we  sought  to  determine  whether  such  a  trait  was  essential  to  the  phenotype. 
Furthermore,  we  sought  to  provide  direct  experimental  evidence  of  the  persister  metabolic  state  so  as  to  determine  whether  the 
common  assumption  of  metabolic  inactivity  was  valid.  Using  fluorescence-activated  cell  sorting  (FACS),  a  fluorescent  indicator 
of  cell  division,  a  fluorescent  measure  of  metabolic  activity,  and  persistence  assays,  we  found  that  bacteria  that  are  rapidly  grow¬ 
ing  prior  to  antibiotic  exposure  can  give  rise  to  persisters  and  that  a  lack  of  replication  or  low  metabolic  activity  prior  to  antibi¬ 
otic  treatment  simply  increases  the  likelihood  that  a  cell  is  a  persister.  Interestingly,  a  lack  of  significant  growth  or  metabolic 
activity  does  not  guarantee  persistence,  as  the  majority  of  even  “dormant”  subpopulations  ( >  99%)  were  not  persisters.  These 
data  suggest  that  persistence  is  far  more  complex  than  dormancy  and  point  to  additional  characteristics  needed  to  define  the 
persister  phenotype. 


Bacterial  persisters  are  rare  phenotypic  variants  with  the  ability 
to  tolerate  extraordinary  levels  of  antibiotics  (1).  This  toler¬ 
ance  has  commonly  been  attributed  to  transient  growth  inhibition 
and  the  resulting  inactivity  of  essential  cell  functions  (2).  Convinc¬ 
ing  evidence  in  support  of  this  model  was  obtained  by  time-lapse 
fluorescence  microscopy,  as  growth-inhibited  cells  from  high- 
persister  mutants  survived  prolonged  antibiotic  treatment  and  re¬ 
sumed  normal  replication  upon  removal  of  the  antibiotic  (3). 
That  study,  by  Balaban  and  colleagues,  undoubtedly  demon¬ 
strated  that  persisters  can  originate  from  growth-inhibited  cells 
(3),  and  dormancy  has  since  been  deemed  a  trait  of  persisters, 
permeating  to  aspects  of  their  physiology,  such  as  metabolism,  for 
which  only  indirect  evidence  of  reduced  activity  exists  (4-6). 
However,  it  remains  unclear  to  what  extent  dormancy  is  a  charac¬ 
teristic  of  persisters  or  if  persister  antibiotic  tolerances  require 
growth  inhibition.  Two  notable  studies  used  single-cell  growth 
reporters  to  study  persistence,  but  neither  presented  data  that  an¬ 
swer  the  question  of  whether  persistence  requires  dormancy  (5, 7). 
Shah  and  colleagues  segregated  an  exponential-phase  population 
by  using  an  rRNA  reporter  and  found  antibiotic-tolerant  cells  in 
the  subpopulation  that  was  growth  inhibited  as  well  as  the  sub¬ 
population  that  was  growing  normally  (5).  Unfortunately,  the  an¬ 
tibiotic  treatment  used  to  enumerate  tolerant  cells  was  performed 
in  a  nonnutritive  buffer  and  yielded  persister  levels  ( — 1:50)  that 
were  over  2  orders  of  magnitude  higher  than  those  routinely  mea¬ 
sured  in  exponential-phase  Escherichia  coli  cultures  (<  1:5,000) 
(8).  Such  a  discrepancy  suggests  that  the  tolerant  cells  identified 
were  not  representative  of  normal  persister  physiology.  Roostalu 
and  colleagues  segregated  growing  and  nongrowing  cells  by  using 
a  cell  division  reporter  and  found  that  0.2  to  10%  of  the  nongrow¬ 
ing  cells  were  tolerant  to  ampicillin  treatment  (7).  Though  this 
result  suggested  that  only  a  fraction  of  the  nongrowing  cells  were 
tolerant  to  ampicillin,  the  necessity  of  growth  inhibition  for  per¬ 
sistence  was  not  queried,  since  the  persistence  of  the  growing  sub¬ 
population  was  not  measured. 

Recently,  persister  formation  in  response  to  a  variety  stresses 
was  observed,  demonstrating  that  nonpersister  cells  can  be  trans¬ 
formed  into  the  persistent  state  through  the  action  of  signal  trans¬ 
duction  cascades  (9-13,  37).  While  supportive  of  the  hypothesis 
that  persister  populations  are  heterogeneous  (14),  these  studies  do 


not  provide  evidence  regarding  the  growth  state  of  the  persisters 
formed  and  whether  growth  inhibition  prior  to  antibiotic  chal¬ 
lenge  is  a  requirement  of  persistence.  Dorr  and  colleagues  demon¬ 
strated  that  ciprofloxacin  can  induce  persistence  in  a  subpopula¬ 
tion  of  exponential-phase  cells  through  the  action  of  the  SOS 
response,  but  they  did  not  determine  whether  those  cells  that  be¬ 
came  persisters  were  growth  inhibited  prior  to  antibiotic  exposure 
(9,  10).  Moker  and  colleagues  found  that  a  quorum  sensing  mol¬ 
ecule  increased  persistence  in  Pseudomonas  aeruginosa,  but  they 
also  did  not  establish  the  growth  state  of  persisters  prior  to  anti¬ 
biotic  exposure  (13).  Vega  and  colleagues  found  that  indole  in¬ 
duces  persister  formation,  and  they  elegantly  demonstrated  with  a 
microfluidic  device  that  the  strength  of  indole  sensing  is  predictive 
of  tolerance  to  1  h  of  ampicillin  treatment  (11).  However,  the 
tolerant  subpopulation  in  the  microfluidic  device  was  much 
higher  than  that  obtained  when  exponential-phase  cells  were  ex¬ 
posed  to  indole  (20%  compared  to  1%),  suggesting  that  tolerance 
measured  in  the  device  might  not  be  translatable  to  normal  cul¬ 
ture  conditions.  Wu  and  coheagues  found  that  paraquat  at  a  con¬ 
centration  close  to  that  which  completely  inhibits  growth  induces 
persister  formation,  but  the  growth  characteristics  of  the  culture 
and  persister  sub  fractions  were  not  reported  (12).  Interestingly, 
despite  the  growing  body  of  literature  on  persister  formation  and 
physiology  (14-16),  we  cannot  definitively  say  whether  growth 
inhibition  is  necessary  or  sufficient  for  persistence.  Analogously, 
and  to  a  greater  extent,  we  do  not  know  whether  persister  antibi¬ 
otic  tolerances  require  metabolic  dormancy.  All  insights  into  per¬ 
sister  metabolism  have  been  obtained  indirectly  from  gene  expres- 
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sion  of  persister-enriched  samples  (4-6)  or  potentiation  of 
aminoglycoside  activity  (17). 

Here  we  answer  two  fundamental  questions  about  bacterial 
persistence,  (i)  Can  bacteria  that  are  normally  replicating  prior  to 
antibiotic  treatment  be  persisters?  (ii)  Are  persisters  metabolically 
dormant  prior  to  antibiotic  treatment,  as  most  research  assumes 
(3,  5,  7, 18),  or  can  they  exhibit  a  range  of  metabolic  activities?  To 
answer  these  questions,  we  employed  fluorescence-activated  cell 
sorting  (FACS),  a  fluorescent  indicator  of  cell  division  (7),  a  fluo¬ 
rescent  measure  of  metabolic  activity  (19,  20),  and  persistence 
assays  to  rigorously  quantify  the  metabolic  and  cell  division  dis¬ 
tributions  of  persisters  within  an  exponentially  growing  E.  coli 
culture.  Using  the  cell  division  reporter,  we  found  that  the  non¬ 
growing  subpopulation  was  far  more  enriched  with  persisters 
(~  1%)  than  the  growing  subpopulation  (~0.01%),  but  due  to  the 
relative  abundances  of  the  growing  and  nongrowing  subpopula¬ 
tions,  ~20%  of  all  persisters  originated  from  growing  cells.  Sur¬ 
prisingly,  even  the  most  rapidly  growing  subpopulation  gave  rise 
to  persisters,  demonstrating  that  growth  inhibition  prior  to  anti¬ 
biotic  exposure  is  not  required  for  persistence.  Using  a  fluorescent 
measure  of  metabolic  activity,  redox  sensor  green  (RSG),  we 
found  that  within  an  exponential-phase  E.  coli  population,  cells 
with  low  reductase  activity  were  ~40  times  more  likely  to  be  per¬ 
sisters  than  cells  with  high  reductase  activity.  These  are  the  first 
direct  measurements  of  metabolic  activity  in  persisters,  and  inter¬ 
estingly,  persisters  appear  to  display  a  range  of  metabolic  activi¬ 
ties.  We  subsequently  performed  a  two-dimensional  (2D)  FACS 
experiment  (red  channel,  cell  division;  and  green  channel,  metab¬ 
olism)  and  found  that  persisters  were  enriched  in  the  subpopula¬ 
tion  with  low  reductase  activity  due  to  the  prevalence  of  persisters 
in  the  nongrowing  subpopulation,  whose  metabolic  activity  was 
significantly  less  than  that  of  the  growing  subpopulation.  Overall, 
the  experimental  evidence  presented  in  this  study  supports  the 
emerging  hypothesis  that  persister  subpopulations  are  highly  di¬ 
verse  (14-16)  and  provides  a  more  holistic  view  of  the  persistence 
phenomenon,  one  in  which  inhibition  of  replication  or  metabo¬ 
lism  enhances  the  likelihood  of  a  cell  to  be  a  persister  but  in  itself 
cannot  adequately  explain  the  phenotype. 

MATERIALS  AND  METHODS 

Bacterial  strains.  All  strains  were  derived  from  E.  coli  MG1655.  Strain 
MOOO 1  contained  a  chromosomally  integrated  lacP  promoter  in  place  of 
the  lacl  promoter  and  a  chromosomally  integrated  T5p-mCherry  cassette 
in  place  of  lacZYA.  This  was  done  in  order  to  eliminate  plasmid  copy 
number  as  a  variable.  The  T5  promoter  (T5p)  is  a  strong,  IPTG  (isopro- 
pyl-|3-D-thiogalactopyranoside)-indudble  promoter  under  the  control  of 
two  lac  operator  sites  (21).  Using  the  forward  and  reverse  primers  indi¬ 
cated  in  Table  SI  in  the  supplemental  material,  the  T5p  was  amplified 
from  the  pQE-80L  plasmid  (Qiagen,  Valencia,  CA).  Both  laclqp  and  T5p- 
mCherry  were  integrated  into  the  chromosome  by  using  the  method  of 
Datsenko  and  Wanner  (22).  All  primers  used,  as  well  as  a  description  of 
the  cloning  steps,  are  presented  in  Table  SI.  All  mutations  were  confirmed 
using  PCR  and/or  DNA  sequencing  (Genewiz,  South  Plainfield,  NJ). 

Chemicals,  media,  and  growth  conditions.  All  chemicals,  unless 
noted  below,  were  purchased  from  Fisher  Scientific  or  Sigma-Aldrich. 
RSG  and  a  Live/Dead  (Syto9/PI)  staining  kit  were  purchased  from  Life 
Technologies,  Invitrogen  (Grand  Island,  NY),  and  IPTG  was  purchased 
from  Gold  Biotechnology  (St.  Louis,  MO).  LB  medium  (10  g/liter  tryp- 
tone,  5  g/liter  yeast  extract,  and  10  g/liter  NaCl)  and  LB-agar  plates  (LB 
plus  15  g/liter  agar)  were  used  for  planktonic  growth  and  enumeration  of 
CFU,  respectively.  Antibiotics  were  used  at  the  following  concentrations 
for  selection  or  translational  inhibition:  50  pg/ml  kanamycin,  50  p-g/ml 


chloramphenicol,  and  100  p-g/ml  ampicillin.  For  persister  assays,  200 
pg/ml  ampicillin  (23)  and  5  pg/ml  ofloxacin  (8)  were  used.  Unless  oth¬ 
erwise  noted,  overnight  cultures  were  prepared  by  culturing  cells  from  a 
25%  glycerol,  —  80°C  stock  in  2  ml  LB  medium  at  37°C  with  shaking  (250 
rpm)  for  24  h.  Overnight  cultures  were  then  diluted  1,000-fold  in  50  ml  of 
fresh  LB  medium  in  500-ml  baffled  flasks  and  incubated  for  2.5  h  at  37°C 
and  250  rpm,  at  which  time  an  optical  density  at  600  nm  (OD600)  of  ~0. 1 
was  achieved.  CFU  were  enumerated  by  washing  and  diluting  samples  in 
phosphate-buffered  saline  (PBS),  plating  them  on  LB-agar  plates,  and 
incubating  them  at  37°C  for  16  h.  MICs  of  antibiotics  for  both  wild-type 
MG1655  and  MO001  at  exponential  phase  were  determined  by  serial 
2-fold  dilution  of  antibiotics  in  LB  broth  (24).  MIC  ranges  for  both  strains 
were  found  to  be  1.5  to  3  pg  ampiciHin/ml  and  0.075  to  0.15  pg  ofloxacin/ml. 

Staining  with  redox  sensor  green.  Cell  staining  was  performed  ac¬ 
cording  to  the  manufacturer’s  instructions,  with  some  modifications. 
Briefly,  cells  were  cultured  as  described  above,  and  after  2.5  h  at  37°C  and 
250  rpm,  1  ml  of  exponential-phase  culture  was  stained  with  1  pM  RSG 
and  incubated  in  the  dark  at  room  temperature  for  approximately  30  min 
before  sorting.  As  controls,  1-ml  samples  were  first  incubated  with  car¬ 
bonyl  cyanide  m-chlorophenylhydrazone  (CCCP)  or  potassium  cyanide 
(KCN)  at  10  pM  or  1  mM,  respectively,  for  5  min  prior  to  addition  of 
RSG.  To  analyze  the  effect  of  RSG  on  cell  viability,  CFU  in  samples  were 
measured  before  staining  and  30  min  after  staining. 

Single-cell  division  assay.  MO001  cells  were  cultured  as  described 
above,  except  that  1  mM  IPTG  was  included  overnight  to  express 
mCherry ,  and  following  the  overnight  incubation,  IPTG  was  removed  by 
centrifugation  (3  min  at  15,000  rpm),  removal  of  the  supernatant,  and 
resuspension  of  the  culture  in  fresh  LB.  Washed  cells  were  then  diluted 
1,000-fold  in  50  ml  fresh  LB  and  cultured  as  described  above.  One  milli¬ 
liter  of  the  culture  was  analyzed  by  flow  cytometry  to  sort  the  growing  and 
nongrowing  cells.  To  compare  MO001  background  fluorescence  to  that  of 
the  parent  strain  (without  mCherry),  MO001  was  incubated  without 
IPTG  during  overnight  growth  and  then  inoculated  into  fresh  medium 
with  or  without  IPTG,  and  fluorescence  intensities  of  exponential-phase 
cultures  were  measured  by  flow  cytometry  (see  Fig.  SI  in  the  supplemental 
material) .  To  verify  that  mCherry  was  not  degraded  during  the  time  frame 
of  the  experiment,  the  washed  overnight  culture  was  diluted  in  LB  with  50 
pg/ml  chloramphenicol,  and  1-ml  samples  were  analyzed  by  flow  cytom¬ 
etry  (see  Fig.  S2). 

Microscopy  imaging.  Phase-contrast  and  fluorescence  images  of  in¬ 
duced  MO001  were  taken  by  a  Nikon  Eclipse  90i  microscope  equipped 
with  a  100X/1. 40-numerical-aperture  (NA)  phase  objective,  a  Q  Imaging 
Rolera-XR  camera,  and  NIS  Elements  software.  Cells  were  stabilized  on 
1%  agarose  pads  during  the  imaging  process.  To  do  this,  200  pi  of  fully 
dissolved  warm  agarose  was  transferred  to  the  middle  of  a  clean  micro¬ 
scope  slide,  and  then  another  slide  was  placed  on  top  of  the  agarose  to 
attain  a  flat  surface  (air  bubbles  were  avoided) .  After  the  agarose  solidified, 
the  upper  glass  slide  was  carefully  removed,  and  2.5  pi  of  cell  culture  was 
loaded  on  the  solid  medium  and  covered  with  a  coverslip  to  be  analyzed 
with  the  microscope. 

Flow  cytometry  analysis.  All  samples,  including  controls,  were  an¬ 
alyzed  by  an  LSRII  flow  cytometer  (BD  Biosciences,  San  Jose,  CA). 
Microorganisms  were  identified  using  forward  and  side  scatter  param¬ 
eters  (FSC  and  SSC,  respectively).  Stained  bacteria  were  assayed  with  a 
laser  emitting  at  488  nm  for  RSG  and  561  nm  for  mCherry;  fluores¬ 
cence  was  collected  using  green  and  red  fluorescence  filters  (525/50- 
and  610/20-nm-band-pass  filters,  respectively).  Data  were  acquired  and 
analyzed  using  FACSDiVa  software  (BD  Biosciences,  San  Jose,  CA). 

Cell  sorting.  Cells  were  sorted  using  either  a  FACSVantage  SE  w/DiVa 
(BD  Biosciences,  San  Jose,  CA)  cell  sorter  at  16  lb/in2  with  a  70-pm  nozzle 
or  a  Reflection  (Sony-iCyt  Mission  Technology,  Champaign,  IL)  cell 
sorter  at  30  psi  with  a  70-pm  nozzle.  Microorganisms  were  determined 
using  forward  and  side  scatter  parameters  (FSC  and  SSC),  and  physiolog¬ 
ically  distinct  subpopulations  were  identified  by  measuring  green  and  red 
fluorescence  (488-nm  excitation  with  530/30-nm-band-pass  filter  and 
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FIG  1  FACS  methods  and  control  experiments.  (A  to  C)  Exponential-phase  cells  were  sorted  from  the  indicated  regions  (gates)  in  order  to  quantify  the  metabolic 
and  cell  division  distributions  of  persisters.  Gates  were  determined  by  using  a  fluorescent  measure  of  metabolic  activity  (RSG)  (A),  a  cell  division  reporter 
(mCherry  with  an  IPTG-inducible  promoter)  (B),  or  both  (C).  ON,  overnight.  (D)  RSG  staining  did  not  affect  cell  viability  (P  =  0.94  by  the  t  test).  (E)  RSG 
staining,  cell  sorting,  and  segregation  did  not  change  the  persister  levels  of  exponential-phase  E.  coli  cultures  sorted  as  illustrated  in  panel  A  (P  =  0.97  for  the 
ampicillin  group  and  P  =  0.52  for  the  ofloxacin  group,  using  ANOVA).  (F)  RSG  staining,  cell  sorting,  and  segregation  did  not  alter  persister  levels  of 
mCherry-expressing  cells  sorted  as  in  panel  C  (P  =  0.31  for  the  ampicillin  group  andP  =  0.75  for  the  ofloxacin  group,  using  ANOVA).  Recovery  is  the  calculated 
frequency  of  persisters  in  the  total  population,  based  on  the  persister  frequencies  measured  from  the  segregated  quantiles  (see  Materials  and  Methods). 


561-nm  excitation  with  615/30-nm-band-pass  filter,  respectively)  and  by 
running  unstained  samples,  RSG-only-stained  cells,  mCherry-expressing 
cells,  and  mCherry-expressing  cells  stained  with  RSG.  Cells  were  sorted 
using  sterile  1 X  PBS  as  sheath  fluid  in  the  sorter. 

As  a  test  to  quantify  the  number  of  nongrowing  cells  (C*  region  in  Fig. 
IB)  that  were  improperly  sorted  into  the  fastest- growing  quantile  (A* 
region  in  Fig.  IB),  approximately  5  X  105  cells  were  sorted  from  the  A*  or 
C*  region.  The  sorter  sample  line  was  then  immediately  washed  first  with 
10%  bleach  for  5  min  and  then  with  PBS  for  5  min  to  remove  any  cell 
remnants  from  the  previous  sample.  The  sorted  cells  from  A*  and  C*  were 
reanalyzed  separately  by  the  same  sorter  to  assess  the  proportion  of  per¬ 
sisters  in  the  fastest-growing  subpopulation  that  may  have  arisen  from 
nongrowing  cells  (see  Fig.  S3  in  the  supplemental  material).  The  sorter 
was  washed  as  described  above  between  analyzing  A*  and  C*. 

Persister  assays.  After  determining  the  fluorescence  quantiles  to  be 
sorted  (Fig.  1A  to  C),  approximately  1  X  106  cells  from  each  subpopula¬ 
tion  were  collected  in  1  ml  of  PBS.  Cells  were  sorted  at  room  temperature, 
and  each  sorting  procedure  lasted  1 5  min  or  less,  depending  on  the  per¬ 
centage  of  the  population  corresponding  to  the  region  to  be  sorted.  The 
collected  cells  were  then  mixed  1:1  with  a  rich  medium  (2X  tryptone,  2X 
yeast  extract,  and  1 X  NaCl)  to  produce  a  medium  similar  to  LB.  One 
milliliter  of  this  culture,  containing  5  X  105  cells,  was  immediately  treated 
with  either  ampicillin  (200  pg/ml)  or  ofloxacin  (5  pg/ml).  Cells  were  then 
incubated  in  a  shaker  at  37°C  and  250  rpm  for  5  h.  Samples  at  designated 
time  points  were  collected  by  centrifugation  for  3  min  at  15,000  rpm, 
washed  with  PBS  twice,  and  resuspended  in  100  pi  of  PBS.  Next,  10  pi  of 
the  sample  was  serially  diluted  in  PBS  and  spotted  on  LB  agar  to  measure 


the  CFU.  The  remaining  90- pi  sample  was  also  plated  on  LB  agar  in  case 
the  CFU  from  the  10-pl  sample  might  be  under  the  limit  of  detection.  To 
analyze  the  effect  of  RSG  on  persister  levels,  unstained  cells  (negative 
control)  were  sorted  and  treated  with  antibiotics  as  described  above  to 
enumerate  the  level  of  persisters,  which  was  compared  to  the  persister 
levels  obtained  from  RSG-stained  samples.  To  determine  the  effect  of  flow 
through  the  sorter  on  persister  levels,  cells  that  were  not  sorted  were  di¬ 
luted  in  1  ml  fresh  LB  to  obtain  approximately  5  X  105  cells  and  then  were 
treated  with  antibiotics,  and  CFU  were  measured  at  the  indicated  time 
points. 

To  quantitatively  estimate  the  percentage  of  nongrowing  cells  that 
started  to  grow  during  the  antibiotic  treatment  period,  the  sorted  cells 
from  the  C*  region  (Fig.  IB)  were  treated  with  or  without  antibiotics  for  5 
h  in  LB  as  described  above,  and  the  number  of  cells  retaining  high 
mCherry  levels  was  quantified  by  LSRII  flow  cytometry  with  the  use  of 
fluorescent  counting  particles  (Spherotech  Inc.,  Lake  Forest,  IL).  To  de¬ 
termine  the  number  of  dead  cells  in  the  nongrowing  subpopulation,  sta¬ 
tionary-phase  cultures  diluted  1,000-fold  in  1  ml  0.85%  NaCl  buffer  were 
stained  with  Syto9  and  propidium  iodide  (PI)  simultaneously  at  concen¬ 
trations  of  5  pM  and  30  pM,  respectively,  and  then  incubated  at  room 
temperature  for  approximately  15  min  before  flow  cytometry  analysis. 
This  method  enumerates  dead  cells  in  the  nongrowing  subpopulation, 
under  the  assumption  that  dead  cells  within  this  subpopulation  arose 
from  24-h  stationary-phase  inoculums.  As  a  control,  stationary-phase 
cells  were  incubated  in  1  ml  of  70%  ethanol  solution  for  1  h. 

The  dilution/growth  experiment  described  by  Keren  et  al.  (8)  was 
applied  in  order  to  demonstrate  that  the  persister  levels  measured  with  the 
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FACS  procedure  were  identical  to  those  measured  on  the  bench.  Cells 
with  mCherry  protein  from  overnight  cultures  were  diluted  1 : 1 ,000  in  50 
ml  fresh  medium  in  a  500-ml  baffled  flask  without  inducer  and  cultured  at 
37°C  and  250  rpm.  When  the  cell  culture  reached  an  OD600  of  0. 1 ,  the  cells 
were  diluted  1 :50  in  fresh  medium  and  cultured  in  the  same  way  until  the 
OD600  reached  0.1  again.  This  dilution/ growth  cycle  was  repeated  twice, 
thus  resulting  in  three  rounds  in  total  (R0,  Rp  and  R2).  At  the  end  of  each 
round,  cells  were  analyzed  by  FACS  and  sorted  to  determine  the  persister 
levels  as  described  above. 

The  frequency  of  persisters  (f)  was  calculated  as  the  ratio  of  the  num¬ 
ber  of  persisters  in  a  sample  to  the  initial  number  of  sorted  cells  before 
antibiotic  treatment.  Persister  frequencies  of  all  sorted  regions  are  pro¬ 
vided  in  Table  S2  in  the  supplemental  material.  We  defined  recovery  ( R ) 
as  follows:  R  =  pjJA  +  p^g  +  pcfc  +  p^,  where  pA  is  the  proportion  of 
the  total  population  in  the  A  quantile  and  fA  is  the  frequency  of  persisters 
in  the  A  quantile  (Fig.  1A).  Recovery  is  the  frequency  of  persisters  in  the 
total  population,  as  calculated  from  the  segregated  quantiles,  and  thus  was 
used  as  an  internal  consistency  check,  since  it  should  equal  the  frequency 
of  persisters  obtained  from  a  nonsegregated  sample.  The  persister  fraction 
from  a  region  (such  as  region  A)  is  the  ratio  of  persisters  in  that  region  to 
the  total  number  of  persisters  in  the  whole  population,  which  was  calcu¬ 
lated  as  pjJJR-  We  note  that  the  sum  of  persister  fractions  from  all  quan¬ 
tiles  equals  1.  To  illustrate,  persister  frequencies  of  the  A *,  B*,  and  C* 
regions  (Fig.  IB;  see  Fig.  3A)  were  found  to  be  4.47  X  10  5,  5.8  X  10~5, 
and  4.27  X  10~3  (see  Fig.  3C),  respectively.  Since  pA*  =  0.48,  pB*  =  0.48, 
andpc,  =  0.04  (see  Fig.  3A),  the  recovery  is  calculated  as  follows:  R  = 
4.47  X  10-5  X  0.48  +  5.8  X  10~5  X  0.48  +  4.27  X  1CT3  X0.04  =  2.2  X 
10  4,  which  also  corresponds  to  the  frequency  of  persisters  in  the  total 
population.  The  persister  fraction  of  A*  was  calculated  as  4.47  X  10~5  X 
0.48/2.2  X  10~4  =  0.1;  similarly,  the  B*  and  C*  fractions  were  found  to  be 
0.12  and  0.78,  respectively  (see  Fig.  3D).  All  experiments  were  repeated  3 
times  in  this  study.  One-way  analysis  of  variance  (ANOVA)  was  used  to 
test  the  null  hypothesis  that  the  population  means  for  all  conditions,  in¬ 
cluding  the  treatment  and  control  groups,  were  the  same.  Pairwise  com¬ 
parisons  were  performed  using  the  two-tailed  t  test.  A  significance  P  value 
threshold  of  0.05  was  selected.  Data  points  in  figures  are  average  values  for 
experimental  repeats.  Error  bars  represent  standard  errors. 

RESULTS 

FACS  methods  to  quantify  persister  metabolic  and  cell  division 
distributions.  To  determine  whether  persisters  needed  to  be 
growth  inhibited  or  metabolically  inactive  prior  to  antibiotic 
treatment,  we  required  a  method  to  quantify  persister  phenotype 
distributions.  Previous  studies  have  monitored  persister  growth 
rates  in  cultures  of  high-persistence  ( hipA7  and  hipQ)  mutants  by 
using  fluorescence  microscopy  (3);  however,  the  low  abundance 
of  persisters  in  wild-type  E.  coli  populations  necessitated  the  use  of 
a  more  rapid  screening  technique.  FACS  is  a  rapid,  single-cell, 
quantitative  screening  method  that  has  been  used  to  study  differ¬ 
ent  aspects  of  the  persistence  phenotype  (5,  7,  11,  25).  Here  we 
used  FACS  to  quantify  growth  rate  and  metabolic  activity  distri¬ 
butions  for  persisters  from  exponential-phase  E.  coli  cultures.  In 
brief,  FACS  was  used  to  segregate  cultures  into  quantiles  based  on 
fluorescence  signals  (Fig.  1A  to  C),  and  each  quantile  was  then 
treated  with  an  antibiotic  (ampicillin  or  ofloxacin)  to  enumerate 
the  number  of  persisters  present.  To  demonstrate  that  the  FACS 
procedure  did  not  alter  persistence  within  the  culture,  we  verified 
that  fluorescence  labeling  (e.g.,  metabolic  staining  and  fluorescent 
protein  expression),  flow  cytometry,  and  segregation  all  did  not 
change  the  level  of  persisters  in  the  population  (Fig.  ID  to  F). 

To  monitor  growth  rate,  we  adapted  the  methodology  of  Roos- 
talu  and  colleagues  (7),  which  tracks  cell  division  by  dilution  of  a 
fluorescent  protein.  To  generate  a  strain  whose  cell  division  could 


be  monitored  by  red  fluorescence,  we  knocked  the  mCherry  gene, 
under  the  control  of  a  strong,  synthetic,  IPTG-inducible  promoter 
( T5p )  (21),  into  the  chromosome  of  an  E.  coli  strain  carrying  a 
chromosomally  integrated  lacP  promoter  mutation  (MO001) 
(26).  Background  fluorescence  from  MO001  (without  IPTG)  was 
comparable  to  that  of  the  parent  strain  without  mCherry,  whereas 
full  induction  produced  fluorescence  that  was  orders  of  magni¬ 
tude  above  the  background,  providing  us  with  a  large  dynamic 
range  (see  Fig.  SI  in  the  supplemental  material).  To  verify  that  this 
method  monitored  cell  division,  mCherry  expression  was  induced 
during  the  overnight  culture,  and  cells  were  washed  to  remove  the 
inducer  and  inoculated  into  fresh  medium  without  inducer.  The 
dilution  of  mCherry  protein  within  the  cells  due  to  cell  prolifera¬ 
tion  was  monitored  using  flow  cytometry  and  fluorescence  mi¬ 
croscopy.  As  depicted  in  Fig.  2A  to  C,  all  cells  started  with  high  red 
fluorescence,  and  as  cells  divided,  the  red  fluorescence  of  the  pop¬ 
ulation  declined,  except  for  a  small  subpopulation  whose  fluores¬ 
cence  remained  constant  due  to  a  lack  of  division.  To  verify  that 
mCherry  was  not  degraded  during  the  time  frame  of  the  experi¬ 
ments,  cells  were  incubated  in  medium  with  chloramphenicol,  an 
inhibitor  of  protein  synthesis,  and  were  demonstrated  to  retain 
their  red  fluorescence  throughout  the  time  course  (see  Fig.  S2). 
These  results  demonstrate  that  this  FACS  method  monitors  cell 
division  at  the  single-cell  level. 

To  study  single-cell  metabolic  activity,  we  employed  RSG,  a 
fluorogenic  redox  indicator  that  yields  green  fluorescence  when 
reduced  by  bacterial  reductases  (19,  27,  28).  To  ensure  that  the 
measured  fluorescence  reported  on  metabolic  activity,  we  used  the 
chemical  inhibitor  KCN  to  block  respiration  and  CCCP  to  deplete 
the  proton  motive  force.  As  depicted  in  Fig.  2D  and  E,  both  CCCP 
and  KCN  significantly  reduced  staining  with  RSG,  demonstrating 
that  RSG  is  a  robust  indicator  of  bacterial  metabolism  ( P  =  0.024 
and  0.030  for  mean  fluorescence  values  of  CCCP-  and  KCN- 
treated  samples,  respectively,  compared  with  that  of  RSG-only- 
stained  samples,  using  the  t  test). 

Persisters  can  originate  from  the  fastest-growing  subpopu¬ 
lation  of  cells.  To  separate  the  nongrowing  cells  from  the  growing 
subpopulation  in  exponential-phase  cultures,  mCherry  expression 
was  induced  from  MO001  during  overnight  culture,  and  cells 
were  washed  to  remove  the  inducer  and  inoculated  into  fresh  me¬ 
dium  without  inducer.  At  2.5  h  postinoculation  (OD600  =  0.1), 
the  nongrowing  population  constituted  approximately  4%  of  all 
cells  (Fig.  3A).  To  enumerate  persisters,  FACS-sorted  samples 
were  treated  with  ampicillin  or  ofloxacin  and  CFU  were  moni¬ 
tored  as  a  function  of  time.  As  depicted  in  Fig.  3B  and  C,  a  rapid 
killing  regimen,  representing  the  death  of  normal  cells,  was  fol¬ 
lowed  by  a  slower  killing  regimen,  indicating  the  presence  of  per¬ 
sisters.  This  biphasic  kill  curve  verified  that  5  h  of  antibiotic  treat¬ 
ment  under  the  conditions  described  here  was  sufficient  to 
quantify  persister  levels  (15).  Figure  3B  and  C  also  demonstrate 
that  MO001  had  persister  levels  indistinguishable  from  those  of 
the  wild  type.  To  determine  whether  the  nongrowing  subpopula¬ 
tion  was  enriched  with  persisters,  we  sorted  the  population  into 
three  regions  based  on  red  fluorescence  and  treated  the  samples 
with  ampicillin  or  ofloxacin  for  5  h.  While  the  majority  of  persist¬ 
ers  were  found  to  be  within  the  nongrowing  subpopulation 
(77.26%  ±  6.11%  of  ampicillin  persisters  and  78.55%  ±  3.61%of 
ofloxacin  persisters),  we  also  measured  persisters  within  the  grow¬ 
ing  subpopulation  (Fig.  3D  and  E).  Surprisingly,  22.73%  ±  6.42% 
of  ampicillin  persisters  and  21.44%  ±  3.79%  of  ofloxacin  persist- 
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FIG  2  Cell  division  and  metabolic  activity  reporters.  Division  at  the  single-cell  level  was  monitored  by  flow  cytometry  and  microscopy.  After  accumulation  of 
mCherry  protein  during  overnight  culture,  cells  were  washed  to  remove  the  inducer  and  inoculated  into  fresh  medium  without  inducer.  When  the  cells  started 
to  divide,  the  red  fluorescence  of  the  population  decreased,  except  for  a  small  subpopulation  whose  fluorescence  remained  constant  (nongrowing  cells).  Panel  A 
shows  the  flow  cytometry  data,  whereas  panels  B  and  C  show  phase-contrast  and  fluorescence  images  taken  by  microscopy,  respectively,  at  the  indicated  time 
points  during  exponential-phase  growth.  (D  and  E)  Cellular  metabolic  activity  was  characterized  by  RSG  staining.  RSG  produces  a  stable  green  fluorescence 
signal  when  reduced  by  bacterial  reductases.  The  fluorescence  signals  were  reduced  when  the  cells  were  treated  with  KCN  and  CCCP,  which  block  respiration  and 
deplete  the  proton  motive  force,  respectively. 


ers  were  within  the  growing  subpopulation.  We  note  that  a  previ¬ 
ous  study  has  shown  that  persisters  can  replicate  at  rates  that  are 
10-fold  lower  than  those  of  normal  cells  (3)  but  that  this  is  the  first 
report  of  persisters  being  found  in  the  fastest-dividing  subpopu¬ 
lation  (A*)  of  an  exponentially  growing  culture  (doubling  time  of 
25.41  ±  0.38  min)  (see  Fig.  S4  in  the  supplemental  material). 

To  confirm  that  persisters  can  arise  from  the  growing  subpop¬ 
ulation,  we  sought  to  provide  further  evidence  in  support  of  our 
FACS  results.  Specifically,  we  sought  to  (i)  quantify  the  precision 
of  our  FACS  experiments  by  measuring  the  number  of  nongrow¬ 
ing  cells  that  were  improperly  sorted  into  the  fastest-growing 
quantile  and  (ii)  demonstrate  further  that  our  FACS  technique 
does  not  generate  persisters  (in  addition  to  the  controls  depicted 
in  Fig.  ID  to  F).  Measuring  the  precision  of  our  FACS  procedure 
allowed  calculation  of  the  proportion  of  persisters  in  the  fastest- 
growing  subpopulation  that  may  have  arisen  from  nongrowing 


cells  and  was  an  important  control  given  the  ~  100-fold  difference 
in  persister  frequencies  between  the  nongrowing  and  growing 
subpopulations  (Fig.  3D).  To  generate  these  data,  we  performed  a 
tandem  FACS  experiment  where  cells  were  sorted  and  then  imme¬ 
diately  reanalyzed  on  the  same  cell  sorter  (see  Materials  and  Meth¬ 
ods).  We  determined  that  <0.2%  of  cells  in  the  fastest-growing 
subpopulation  (A*)  were  subsequently  sorted  as  nongrowing  cells 
(C*)  (see  Fig.  S3  in  the  supplemental  material).  Given  the  frequen¬ 
cies  of  persisters  in  A*  and  C*,  we  calculated  that  >80%  of  per¬ 
sisters  measured  in  A*  were  normally  replicating  cells.  Although 
the  cells  were  replicating  normally  prior  to  sorting,  the  possibility 
remained  that  the  FACS  procedure  stimulated  some  cells  to  be¬ 
come  persisters.  As  depicted  in  Fig.  ID  to  F,  we  performed  a  con¬ 
trol  to  test  this  for  the  entire  population  and  showed  that  the 
persister  levels  were  indistinguishable  with  and  without  sorting 
(as  analyzed  by  ANOVA).  However,  to  lend  further  experimental 
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FIG  3  Cell  division  properties  of  persisters.  (A)  The  regions  to  be  sorted  (A*,  B*,  and  C*)  were  determined  based  on  the  proliferation  rates  of  exponential-phase 
cells.  A*  and  B*  comprised  approximately  96%  of  the  population  (48%  each),  whereas  C*  contained  approximately  4%  of  all  cells.  (B  and  C)  CFU  were  counted 
at  the  indicated  time  points  during  the  ampicillin  or  ofloxacin  treatment  of  FACS-sorted  or  nonsorted  cells.  MOOOl  had  statistically  indistinguishable  persister 
levels  compared  to  the  wild  type  (P  =  0.38  for  ampicillin  persisters  at  the  5-h  time  point  and  0.30  for  ofloxacin  persisters  at  the  5-h  time  point,  by  the  t  test).  (D 
and  E)  Persister  frequencies  and  fractions  of  A*,  B*,  and  C*  were  determined  5  h  after  antibiotic  treatment.  The  frequency  is  the  ratio  of  persisters  to  the  initial 
number  of  FACS-sorted  cells.  The  fraction  of  persisters  of  a  region  such  as  A*  is  the  ratio  of  persisters  in  A*  to  the  total  number  of  persisters  in  the  culture.  (F) 
Repeated  inoculation  into  fresh  medium  eliminated  the  nongrowing  subpopulation.  Overnight  cultures  of  cells  with  mCherry  protein  were  inoculated  (1:1,000) 
into  fresh  medium  without  inducer  and  cultured  until  the  OD600  reached  0.1.  The  cells  were  then  diluted  1:50  in  fresh  medium  and  cultured  identically  until  the 
OD600  again  reached  0.1,  and  this  cycle  was  repeated  twice,  resulting  in  three  rounds  in  total  (R0,  R,,  and  R2).  (G)  At  the  end  of  each  round,  cells  were  sorted  by 
FACS  to  determine  the  persister  levels.  No  significant  differences  were  observed  between  bench-top-  and  FACS-sorted  samples  ( P  =  0.37  for  R0-ampicillin 
samples,  0.88  for  R^ofloxacin  samples,  0.30  for  Rj-ampicillin  samples,  and  0.42  for  Rj-ofloxacin  samples,  using  the  ttest).  Note  that  P  values  for  R2  samples  could 
not  be  determined  because  the  number  of  persisters  was  found  to  be  under  the  limit  of  detection  for  these  samples. 


support  for  our  FACS  procedure,  we  sought  to  execute  the  same 
protocol  on  a  population  of  exponential-phase  cells  devoid  of  per¬ 
sisters  and  to  show  that  persisters  were  unequivocally  not  gener¬ 
ated  by  our  method.  To  do  this,  we  sought  to  demonstrate  that  our 
results  were  in  agreement  with  those  of  Keren  and  colleagues  (8), 
who  found  that  continued  culturing  by  dilution  in  fresh  medium 
eliminates  persisters  from  a  culture.  We  repeated  this  experiment 
under  normal  assay  conditions  (bench  top)  as  well  as  with  our 
FACS  method  (see  Materials  and  Methods)  and  found  the  results 
between  the  two  to  be  indistinguishable  (Fig.  3G).  Repeated  inoc¬ 
ulation  into  fresh  medium  eliminated  the  nongrowing  subpopu¬ 
lation  (Fig.  3F),  as  well  as  all  persisters  from  the  growing  subpop¬ 


ulation  (Fig.  3G).  These  results  are  consistent  with  those  of  Keren 
and  colleagues  and  provide  further  evidence  that  our  FACS 
method  does  not  alter  persister  levels.  Interestingly,  normally  di¬ 
viding  cells  lose  the  ability  to  become  persisters  after  continued 
culturing,  suggesting  that  aspects  of  their  physiology  that  confer 
persistence  are  lost  by  continued  rounds  of  replication.  We  note 
that  in  order  for  cells  to  be  within  the  A*  region  of  Fig.  3  A,  they  had 
to  divide,  on  average,  >3  times  after  inoculation  from  stationary 
phase,  whereas  cells  present  in  the  R2  culture,  which  did  not  con¬ 
tain  persisters,  divided,  on  average,  >  14  times.  Altogether,  these 
data  demonstrate  that  while  nongrowing  cells  are  more  likely  to  be 
persisters  than  growing  cells,  persisters  can  be  found  in  the  nor- 
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FIG  4  Metabolic  activity  of  persisters.  (B  and  C)  CFU  were  determined  at  the  indicated  time  points  during  the  antibiotic  treatment.  RSG  staining  did  not  affect 
the  persister  levels  (P  =  0.58  for  ampicillin  persisters  at  the  5-h  time  point  and  0.52  for  ofloxacin  persisters  at  the  5-h  time  point,  using  the  t  test).  Persister 
frequencies  (D)  as  well  as  fractions  (E)  were  quantified  after  5  h  of  antibiotic  treatment  of  FACS-sorted  cells  from  regions  A,  B,  C,  and  D,  based  on  RSG  staining 
(A). 


mally  dividing  subpopulation,  and  that  a  lack  of  growth  does  not 
confer  persistence,  since  99.57%  ±  0.048%  of  nongrowing  cells 
are  not  ampicillin  persisters,  and  similarly,  99.26%  ±  0.064%  of 
nongrowing  cells  are  not  ofloxacin  persisters. 

Persisters  exhibit  heterogeneous  metabolic  activity.  Cells 
from  early  exponential  phase  (OD600  =  0.1)  were  incubated  with 
RSG  for  30  min  and  analyzed  by  flow  cytometry  (see  Materials  and 
Methods).  As  expected,  staining  of  cells  with  RSG  exhibited  in¬ 
creased  green  fluorescence  compared  to  that  of  the  unstained, 
CCCP-treated,  and  KCN-treated  controls  (Fig.  2D  and  E).  To 
determine  where  persisters  existed  within  the  phenotypic  distri¬ 
bution  of  reductase  activity,  we  sorted  cells  from  four  different 
regions  of  the  distribution,  as  indicated  in  Fig.  4A.  The  A  region 
contained  cells  with  metabolic  activity  in  the  lowest  ~  10%  of  the 
population,  the  B  region  contained  cells  with  low-intermediate 
metabolic  activity  (~40%  of  the  population),  the  C  region  con¬ 
tained  cells  with  intermediate-high  metabolic  activity  (~40%  of 
the  population),  and  the  D  region  contained  cells  with  metabolic 
activity  in  the  highest  ~10%  of  the  population.  To  enumerate 
persisters,  FACS-sorted  samples  were  treated  with  ampicillin  or 
ofloxacin  and  CFU  were  monitored.  The  biphasic  kill  curves  ver¬ 
ified  that  5  h  of  antibiotic  treatment  under  the  conditions  de¬ 
scribed  here  was  sufficient  to  quantify  persister  levels  (Fig.  4B  and 
C).  Furthermore,  Fig.  4B  and  C  demonstrate  that  RSG  staining 
had  no  effect  on  the  persistence  of  the  population.  The  frequencies 
of  persisters  within  these  populations  are  presented  in  Fig.  4D, 
whereas  the  fraction  of  persisters  from  the  total  population  in  each 
quantile  is  provided  in  Fig.  4E.  We  found  that  83.33%  ±  0.67% 
and  79.92%  ±  3.62%  of  all  ampicillin  and  ofloxacin  persisters, 


respectively,  were  present  in  region  A  of  the  reductase  distribu¬ 
tion,  demonstrating  that  4  of  5  persisters  contained  low  reductase 
activity  (Fig.  4E).  This  is  the  first  direct  measurement  of  metabolic 
activity  in  persisters,  and  while  the  data  are  supportive  of  the  no¬ 
tion  that  persisters  are  largely  metabolically  dormant,  the  regions 
with  higher  reductase  activity  (B,  C,  and  D)  did  contain  a  nonneg- 
ligible  portion  of  persisters:  ~20%.  These  data  demonstrate  that 
persisters  can  be  metabolically  active  and  retain  their  antibiotic 
tolerances,  suggesting  that  metabolic  dormancy  prior  to  antibiotic 
treatment  is  not  a  requirement  of  persistence.  In  addition,  the 
frequency  of  persisters  in  the  region  of  low  reductase  activity  (A) 
was  only  0.07%  ±  0.01%  for  ampicillin  and  0.15%  ±  0.01%  for 
ofloxacin,  suggesting  that  metabolic  dormancy  is  not  sufficient  to 
confer  persistence. 

Most  persisters  exhibit  low  metabolic  activity  due  to  their 
nonreplicating  state.  Since  low  metabolic  activity  and  lack  of  rep¬ 
lication  are  predictive  of  persister  enrichment,  we  sought  to  deter¬ 
mine  whether  these  results  were  coupled  or  could  be  used  in  con¬ 
junction  to  further  increase  the  persister  frequency  in  a  sample.  To 
do  this,  we  performed  a  2D  FACS  experiment  in  which  growing 
and  nongrowing  cells  could  be  discerned  using  mCherry  (Fig.  5A), 
and  metabolic  activity  was  measured  using  RSG.  We  observed  that 
the  nongrowing  subpopulation  fluoresced  far  less  on  the  green 
channel  (RSG)  than  the  growing  subpopulation  (P  =  0.022  by  the 
t  test),  suggesting  that  nongrowing  cells  generally  harbored  lower 
reductase  activity  than  growing  cells  (Fig.  5B).  After  verifying  that 
RSG-stained,  mCherry-expressing  cells  did  not  have  a  changed 
persistence  phenotype  (Fig.  5C  and  D),  we  found  that  the  persister 
enrichment  associated  with  low  metabolic  activity  was  dependent 
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FIG  5  2D  FACS  sorting.  (A)  Unstained  exponential-phase  MO001  cells.  (B)  RSG-stained  MOOOl  cells.  (C  and  D)  CFU  were  determined  at  the  indicated  time 
points  during  the  antibiotic  treatment.  Persister  frequencies  (E)  as  well  as  fractions  (F)  were  quantified  after  5  h  of  antibiotic  treatment  of  FACS-sorted  cells  from 
the  NGI,  NGII,  GI,  and  GII  regions  (B).  There  was  no  significant  difference  in  persister  frequencies  between  NGI  and  NGII  (P  =  0.77  for  ampicillin  samples  and 
P  =  0.09  for  ofloxacin  samples,  using  the  t  test)  or  between  GI  and  GII  (P  =  0.45  for  ampicillin  samples  and  P  =  0.86  for  ofloxacin  samples,  using  the  f  test). 


on  replication  (Fig.  5E  and  F).  When  the  growing  and  nongrowing 
subpopulations  were  split  in  half  based  on  metabolic  activity  (GI 
and  GII  populations  and  NGI  and  NGII  populations),  indistin¬ 
guishable  persister  frequencies  were  obtained  (Fig.  5E).  These  data 
demonstrate  that  persistence  depends  more  on  replication  status 
than  on  metabolic  activity,  and  thus  2D  sorting  based  on  meta¬ 
bolic  status  and  growth  rate  is  unlikely  to  yield  persister  enrich¬ 
ment  beyond  that  which  is  attained  based  simply  on  growth  rate. 

DISCUSSION 

The  dominant  model  of  persistence  posits  that  persisters  are 
growth-inhibited  cells  with  depressed  cellular  functions  whose 
corruption  by  bactericidal  antibiotics  fails  to  produce  cellular 
death  (3).  This  model  has  stimulated  a  significant  amount  of  re¬ 
search  into  different  mechanisms  of  growth  inhibition  and  their 
association  with  persistence  (5,  9,  10,  14-16,  18,  29-31)  and  has 
facilitated  the  extrapolation  of  dormancy  to  additional  cellular 
processes,  such  as  metabolism,  for  which  supporting  evidence  re¬ 
mains  indirect  (4-6).  However,  it  has  remained  unclear  to  what 
extent  growth  inhibition  prior  to  antibiotic  treatment  character¬ 
izes  persistence.  Several  studies  have  shown  that  specific  antibiot¬ 


ics  can  kill  bacteria  in  nongrowing  cultures  (8, 17, 32, 33),  and  data 
from  Roostalu  and  colleagues  suggest  that  a  lack  of  growth  under 
growth-promoting  conditions  is  insufficient  to  confer  persistence 
in  response  to  ampicillin  (7).  The  results  presented  here  agree  with 
and  expand  upon  these  findings,  as  ampicillin  and  ofloxacin  per¬ 
sisters  were  found  to  be  rare  (<1%)  within  the  nongrowing  sub¬ 
population  of  an  exponential-phase  culture.  These  data  suggest 
that  factors  beyond  lack  of  growth  define  which  nongrowing  cells 
become  persisters  and  which  do  not.  Possible  reasons  for  why 
nongrowing  cells  might  not  be  persisters  include  the  following: 
the  cells  may  have  been  dead  prior  to  antibiotic  treatment  or  may 
have  resumed  replication  during  antibiotic  treatment  (3,  15,  23). 
We  note  that  under  the  experimental  conditions  investigated  here, 
2.93%  ±  0.68%  of  the  nongrowing  subpopulation  could  have 
been  dead  prior  to  antibiotic  treatment,  29.17%  ±  14.94%  of  the 
nongrowing  subpopulation  began  replicating  after  5  h  of  incuba¬ 
tion  in  the  absence  of  antibiotic,  and  24.08%  ±  11.92%  and 
19.83%  ±  9.28%  of  the  nongrowing  subpopulation  experienced  a 
reduction  in  mCherry  content  after  5  h  of  incubation  in  the  pres¬ 
ence  of  ampicillin  and  ofloxacin,  respectively.  The  remaining 
nongrowing  subpopulation  can  be  classified  as  viable  but  noncul- 
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turable  (VBNC),  since  its  members  stained  as  live  cells,  did  not 
resume  replication  during  antibiotic  treatment,  and  failed  to  form 
a  colony  afterward.  These  data,  in  conjunction  with  the  previous 
investigations  discussed  above,  demonstrate  that  growth  inhibi¬ 
tion  is  insufficient  to  confer  persistence. 

Though  insufficient,  growth  inhibition  prior  to  antibiotic  ex¬ 
posure  has  commonly  been  considered  a  necessary  condition  of 
persistence  (34).  Several  recent  studies  have  investigated  stress- 
induced  persistence,  a  phenomenon  in  which  a  nonpersister  cell  is 
transformed  into  a  persister  cell  through  the  action  of  signal  trans¬ 
duction  pathways  (9,  10).  However,  it  is  important  that  none  of 
these  studies  determined  the  growth  state  of  the  persisters  formed 
prior  to  antibiotic  treatment.  Indeed,  even  the  study  of  Dorr  and 
colleagues,  in  which  ciprofloxacin  itself  stimulated  persister  for¬ 
mation  through  the  SOS  response,  did  not  determine  whether  the 
persisters  formed  were  growing  normally  prior  to  antibiotic  expo¬ 
sure  (9,  10).  Most  recently,  a  study  by  Wakamoto  and  colleagues 
established  that  persisters  observed  in  response  to  a  prodrug  an¬ 
tibiotic  can  be  replicating  normally  prior  to  and  during  exposure 
(35).  Cell  death  was  found  to  be  associated  with  the  presence  of 
catalase,  the  prodrug-activating  enzyme,  and  independent  of 
growth.  While  Wakamoto  and  colleagues  established  that  persis¬ 
tence  in  response  to  prodrugs  does  not  require  growth  inhibition, 
the  same  phenomenon  for  antibiotics  that  do  not  require  activa¬ 
tion  (e.g.,  (3-lactams  and  fluoroquinolones)  had  not  been  estab¬ 
lished.  Here  we  discovered  that  growth  inhibition  prior  to  antibi¬ 
otic  challenge  is  not  necessary  for  a  cell  to  be  a  persister  in  response 
to  ampicillin  and  ofloxacin,  both  of  which  are  antibiotics  that  do 
not  require  activation  by  an  enzyme  to  kill  bacteria.  We  demon¬ 
strated  that  persisters  can  arise  from  normally  replicating  bacteria, 
though  at  significantly  lower  frequencies  than  those  observed  for 
nongrowing  bacteria,  and  that  the  proportion  of  persisters  from 
normally  replicating  bacteria  is  significant  compared  to  that  orig¬ 
inating  from  nongrowing  bacteria,  amounting  to  approximately 
20%  of  all  persisters  present.  This  observation  challenges  what 
most  investigations  had  assumed  was  a  requirement  of  the  persis¬ 
tence  phenotype  (2,  34)  and  highlights  the  diversity  of  persisters 
present  in  bacterial  populations  (14). 

Interestingly,  we  observed  that  the  ability  of  a  normally  repli¬ 
cating  cell  to  form  a  persister  is  lost  after  continuous  exponential- 
phase  propagation,  a  result  that  is  consistent  with  observations 
from  a  previous  study  ( 8 ).  Though  we  did  not  identify  the  cause  of 
this  phenotypic  change,  we  postulate  that  this  phenomenon  is 
associated  with  dilution  of  a  specific  component,  perhaps  a  pro¬ 
tein,  that  is  present  in  stationary  phase  and  requires  a  >512-fold 
dilution  to  drop  to  levels  that  no  longer  confer  persistence.  From 
Fig.  3,  it  is  obvious  that  the  R0  population  retained  stationary- 
phase  characteristics,  as  the  mCherry  concentration  remained 
largely  above  background.  The  fluorescence  of  the  R:  population 
resembles  the  background  fluorescence  and  that  of  R2,  but  cells  in 
Rj  had  undergone  5  or  6  fewer  divisions  than  those  in  R2.  Since  the 
number  of  persisters  in  Rt  exceeded  that  which  could  have  origi¬ 
nated  from  the  nongrowing  subpopulation  of  Rq  (at  most,  1  to  3  in 
500,000  cells  could  have  been  persisters  from  the  R0  nongrowing 
subpopulation),  the  ability  to  form  persisters  was  still  retained  by 
the  growing  subpopulation.  This  ability  was  lost  after  5  or  6  sub¬ 
sequent  divisions,  which  characterizes  R2.  Specifically,  in  the  ab¬ 
sence  of  degradation  or  export,  stationary-phase  components 
would  be  diluted  5 12-fold,  on  average,  in  R:  and  16,384-fold  in  R2. 
Since  specific  protein  concentrations  can  exceed  200,000  mole¬ 


cules  per  cell  in  stationary-phase  cells  (36),  there  are  stationary- 
phase  characteristics  that  are  more  likely  to  be  lost  in  cells  of  R2 
than  in  cells  of  R, .  To  determine  whether  this  is  the  case  is  an 
interesting  topic  for  a  future  investigation. 

In  association  with  growth  inhibition,  metabolic  dormancy 
has  been  a  commonly  cited  characteristic  of  persisters,  despite  the 
existence  of  only  indirect  evidence  ( 1 7,  34) .  Therefore,  in  addition 
to  cell  division,  we  monitored  the  metabolic  state  of  cells  and 
found  that  a  lower  reductase  activity  prior  to  antibiotic  treatment 
increased  the  likelihood  that  a  cell  would  be  a  persister.  Interest¬ 
ingly,  lower  reductase  activity  was  also  insufficient  to  define  per¬ 
sistence,  and  we  further  found  that  sorting  based  on  cell  division 
and  reductase  activity  did  not  provide  improved  persister  enrich¬ 
ment  beyond  that  attained  with  cell  division  alone.  Though  per¬ 
sister  metabolism  could  not  be  leveraged  in  conjunction  with  cell 
division  to  improve  persister  enrichment,  the  metabolic  measure¬ 
ments  presented  here  suggest  that  persisters  can  contain  a  wide 
range  of  metabolic  activities  and  thereby  support  the  idea  of  per¬ 
sister  diversity  (14).  Inherently,  persister  diversity  will  complicate 
efforts  to  eradicate  these  cells  as  sources  of  chronic  and  recurrent 
infections;  however,  charting  persister  diversity,  as  was  done  in 
this  study,  will  place  the  field  in  the  best  position  possible  to  de¬ 
velop  broad-spectrum  antipersister  therapies. 
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Table  SI.  Primer  list. 


Forward  primer  (5' — 3') 

Reverse  primer(5' — 3') 

Explanation 

TCTGGTGGCCGGAAGGCGAAG 

CGGCATGCATTTACGTTGATGC 

AGCATTACACGTCTTGA 

TGCCTAATGAGTGAGCTAACTCAC 

ATTAATTGCGTTGCGCCAAGATCC 

GCAGTTCAACCT 

Primers  for  using  Datsenko  and  Wanner  method  to  knock-out  chromosomal  LacI 
including  promoter.  Primers  amplified  KanR  cassette  from  pKD4  plasmid,  and  have  40-nt 
homology  regions  (bold). 

TCTGGTGGCCGGAAGGCGAAG 

CGGCATGCATTTACGTTGACAC 

CATCGAATGGTGCAAAA 

TCCAGCCTACACAATCGCTCTCAC 

TGCCCGCTTTCCAGTC 

Primers  for  amplifying  LacP  gene  from  pQE80L  plasmid  (Qiagen).  The  forward  primer 
has  a  40-nt  homology  extension  (bold)  for  up-stream  sequence  of  chromosomal  LacI  gene, 
and  the  reverse  primer  has  a  20-nt  homology  extension  (bold)  to  append  KanR  cassette  to 
the  3'  end  of  LacP  coding  strand. 

GAGCGATTGTGTAGGCTGGA 

TGCCTAATGAGTGAGCTAACTCAC 

ATTAATTGCGTTGCGCTTAACGGC 

TGACATGGGAAT 

Primers  for  amplifying  KanR  cassette  from  pKD4  plasmid.  Forward  primer  is  homologous 
to  reverse  primer  of  LacP  for  overlap  extension,  and  reverse  primer  has  a  40-nt  homology 
extension  (bold)  for  down-stream  sequence  of  chromosomal  LacI  gene.  LacP+KatP  DNA 
fragment  was  chromosomally  integrated  in  place  of  LacI  using  Datsenko  &  Wanner 
method. 

ATTAATGTGAGTTAGCTCACTC 
ATTAGGCACCCCAGGCTTCTCG 
AG  A  AATC  AT  A  A  A  A  A  AT 

TCCTCGCCCTTGCTCACCATAGTT 

AATTTCTCCTCTTTAA 

Primers  for  amplifying  T5  promoter  from  pQE-80L  plasmid.  The  forward  primer  has  a  40- 
nt  homology  extension  (bold)  for  up-stream  sequence  of  Lac  operon,  and  the  reverse 
primer  has  a  20-nt  homology  extension  (bold)  to  append  mCherry  gene  to  the  3'  end  of 
T5p  coding  strand. 

ATGGTGAGCAAGGGCGAGGA 

CGATCCTCATCCTGTCTCTTGATC 

TT  CT  ACTT  GT  AC  AGCT  CGT  CC  AT  G 

Primers  for  amplifying  mCherry  gene  from  pAS08.3  plasmid.  Forward  primer  is 
homologous  to  reverse  primer  of  T5p  (overlap  extension),  and  reverse  primer  has  a  23-nt 
homology  extension  (bold)  to  append  KanR  gene  to  the  3'  end  of  mCherry  coding  strand. 

ATCAAGAGACAGGATGAGGAT 

CG 

TGTAGATCGCTGAACTTGTAGGC 

CTGATAAGCGCAGCGTATCAGGC 

AATTTCAGAAGAACTCGTCAAGAA 

GG 

Primers  for  amplifying  KanR  gene.  Forward  primer  is  homologous  to  reverse  primer  of 
mCherry  for  overlap  extension,  and  reverse  primer  has  a  homology  region  (bold)  for 
down-stream  sequence  of  chromosomal  Lac  operon.  T5p+mCherry+KanR  DNA  fragment 
was  chromosomally  integrated  in  place  of  Lac  operon  using  Datsenko  &  Wanner  method. 

ATCGAATGGCGCAAAACCT 

TTCCAGTCGGGAAACCTGT 

Internal  primers  for  LacI  to  confirm  the  absence  of  duplicate  gene  after  knocking  out 
chromosomal  LacI. 

GGGATCAGGAGGAGAAGATCG 

Forward  primer  for  upstream  sequence  of  the  LacI  gene.  This  primer  and  a  KanK  reverse 
primer  (see  below)  were  used  to  confirm  the  presence  of  the  kanamycin  resistance  cassette 
in  the  proper  chromosomal  location. 

AGGACAGTCGTTTGCCGTCT 

ATCGACAGATTTGATCCAGCG 

Internal  primers  for  LacZ  to  confirm  the  absence  of  duplicate  gene  after  knocking  out 
chromosomal  Lac  operon. 

CCGATTTGGCTACATGACATC 

AAACAGACCAGATAAATCGTCGC 

Internal  primers  for  LacY  to  confirm  the  absence  of  duplicate  gene  after  knocking  out 
chromosomal  Lac  operon. 

GCCAATGACCGAAAGAATAAGA 

GAAATAATAGTGCTTATCCCGGTC 

Internal  primers  for  LacA  to  confirm  the  absence  of  duplicate  gene  after  knocking  out 
chromosomal  Lac  operon. 

CGGTAGTGGGATACGACGATAC 

Forward  primer  for  upstream  sequence  of  the  Lac  operon.  This  primer  and  KanR  or 
mCherry  reverse  primer  were  used  to  confirm  the  presence  of  the  kanamycin  resistance 
cassette  or  mCherry  gene  in  the  proper  chromosomal  location. 

ATGATGGATACTTTCTCGGCAGGAG 

KarP  reverse  primer 
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Table  S2.  Persister  Frequencies. 


Persister  frequencies  of  mCherry  expressing  cells 

Ampicillin 

Ofloxacin 

A* 

4.47E-05  ±  1.17E-05 

6.93E-05  ±  9.33E-06 

B* 

5.80E-05  ±  L59E-05 

9.60E-05  ±  L33E-05 

C* 

4.27E-03  ±  4.81E-04 

7.40E-03  ±  6.43E-04 

Persister  frequencies  of  ] 

*SG  stained  cells 

A 

7.19E-04  ±  1.55E-04 

1.52E-03  ±  1.03E-04 

B 

2.05E-05  ±  4.99E-06 

5.00E-05  ±  8.29E-06 

C 

2.00E-05  ±  4.24E-06 

3.80E-05  ±  1.17E-05 

D 

2.30E-05  ±  7.14E-06 

3.65E-05  ±  6.95E-06 

Persister  frequencies  of  RSG  stained-mCherry  expressing  cells 

NGI 

3.93E-03  ±  3.33E-04 

7.40E-03  ±  5.77E-04 

NGII 

3.67E-03  ±  7.51E-04 

5.07E-03  ±  8.1  IE-04 

GI 

6.93E-05  ±  L57E-05 

9.93E-05  ±  1.64E-05 

GII 

5.33E-05  ±  9.96E-06 

9.53E-05  ±  1.34E-05 
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Figure  SI.  MOOOl  background  fluorescence  is  as  low  as  that  of  the  parent  strain  (without 

mCherry).  MOOOl  was  incubated  without  IPTG  during  the  overnight  and  both  with  and  without 
IPTG  during  the  exponential  growth  (A,  B),  and  fluorescence  intensities  were  measured  by  flow 
cytometry.  Exponential  wild-type  cells  were  used  to  determine  the  background  fluorescence  (C). 
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Figure  S2.  mCherry  was  not  degraded  during  the  time-frame  of  the  experiment.  After 
accumulation  of  mCherry  protein  during  the  overnight  culture  (t=0  h)  (A),  cells  were  inoculated 
in  fresh  media  (without  IPTG)  with  50pg/mL  chloramphenicol  (B)  or  without  chloramphenicol 
(C).  Exponential-phase  samples  (2.5  h  after  the  inoculation)  were  analyzed  by  flow  cytometry. 
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Figure  S3.  The  number  of  non-growing  cells  that  were  improperly  sorted  into  the  fastest- 
growing  quantile  was  measured.  After  sorting  approximately  5x10s  cells  from  the  A*  or  C* 
regions  (A),  the  cells  from  A*  and  C*  were  separately  reanalyzed  by  the  same  sorter  (B  and  C, 
respectively).  It  was  found  that  0.19±0.1%  of  cells  in  A*  were  non-growing  cells. 
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Figure  S4.  Growth  of  MOOOl  cells.  After  inoculation  of  overnight  culture  in  fresh  media 
(1:1000),  OD6oo  was  monitored  every  30  minutes,  and  the  growth  rate  was  calculated  using 
exponential  fit  between  60  to  150  minutes  time  points. 
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